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Abstract
Maureen Hansen: Regulation of Ethylene Biosynthesis via ACC Synthase Protein 
Stability
(Under the direction of Joseph J. Kieber)
  The gaseous plant hormone ethylene is involved in many plant processes including 
germination, leaf and flower abcission, cell elongation and inhibition, plant defense and 
fruit ripening. Ethylene synthesis can be altered in response to stimuli to effect these plant 
processes and the fitness of a plant in its environment. Although there are several points in 
ethylene biosynthesis that can be regulated under differing conditions, one of the key 
components in ethylene output is the stability of ACC synthase (ACS) protein, which 
tends to correlate positively with ethylene production. In Arabidopsis, there are nine ACS 
proteins that fall into three groups based on sequence homology specifically of the C-
terminal region. My research focuses on Type-2 ACS proteins, which have an 
intermediate length C-terminal region with a putative CDPK phosphorylation site. Both 
application of cytokinin and mutations found in the C-terminal region of the Type-2 ACS 
proteins result in an increase in protein stability and an increase in ethylene synthesis.
  To more fully understand ethylene biosynthesis regulation, I have investigated several 
different aspects of ACS protein stability. The three main areas studied include the effect 
other phytohormones in ACS protein stability, the interaction E3 ligase components with 
ACS proteins and their effect on ethylene production, and identification of possible novel 
interactors and suppressors of ACS protein stability. The phytohormone work shows that 
brassinosteroid stabilizes multiple ACS proteins and that the stabilization is C-terminus-
ii
dependent.  I also showed that cytokinin-induced ACS stability requires functional AHK, 
AHP  and the type-B ARR1 and this stabilization occurs by a non-C-terminal dependent 
mechanism. The second aspect of my work showed that the BTB-adaptor proteins, ETO1 
and EOL1 were specific to type-2 ACS in Arabidopsis, and the level of ethylene synthesis 
is shown to be most increased by elimination of ETO1, then EOL2 and finally EOL1. The 
last and most preliminary element of my reasearch is the identification of possible 
suppressors of an inducible myc-ACS5 overexpression transgenic plant line.  These 
suppressors may be direct interactors and novel components in the ACS stability 
mechanism.
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Abstract
The biosynthesis of the gaseous phytohormone ethylene is a highly regulated process. 
A major point of regulation occurs at the generally rate-limiting step in biosynthesis, 
catalyzed by the enzyme ACC synthase (ACS). ACS is encoded by a multigene family, and 
different members show distinct patterns of expression during growth and development and 
in response to various external cues. In addition to this transcriptional control, the stability of 
the ACS protein is also highly regulated. Here we review these two distinct regulatory inputs 
that control the spatial and temporal pattern of ethylene biosynthesis. 
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Ethylene biosynthesis pathway
The simple gas ethylene has been recognized as a plant hormone for almost a century 
(Neljubov 1901; Crocker and Knight 1908; Knight and others 1910; Funke and others 1938). 
It influences a diverse array of plant growth and developmental processes, including 
germination, leaf and flower senescence and abscission, cell elongation, fruit ripening, 
nodulation and the response to a wide variety of stresses (Mattoo and Suttle 1991; Abeles 
and others 1992). In order to understand how ethylene or any signaling molecule affects 
development, one needs to consider not only how it is transported and perceived, but also 
how its level is controlled. In this review, we discuss recent progress in understanding the 
mechanisms governing the production of ethylene. 
The biosynthesis of ethylene occurs through a relatively simple metabolic pathway 
(Figure 1-1) that has been extensively studied and well documented in plants (reviewed in: 
Yang and Hoffman 1984; Kende 1993; Zarembinski and Theologis 1994). Ethylene is 
derived from the amino acid methionine, which is converted to S-adenosylmethionine 
(AdoMet) by S-adenosylmethionine synthetase. AdoMet is then converted to 1-
aminocyclopropane-1-carboxylic acid (ACC) and 5’-deoxy-5’methylthioadenosine (MTA) 
by the enzyme 1-aminocyclopropane-1-carboxylase synthase (ACS) (Adams and Yang 
1979), which is the first committed and in most instances the rate-limiting step in ethylene 
biosynthesis. MTA is recycled to methionine through the Yang cycle, which allows high 
rates of ethylene production without depletion of the endogenous methionine pool (Miyazaki 
and Yang 1987). ACC is converted to ethylene, CO2 and cyanide by ACC oxidase (ACO). 
The cyanide produced by this reaction is detoxified into β-cyanoalanine by the enzyme β-
4
Figure 1-1: Ethylene biosynthetic pathway. 
The enzymes catalyzing each step are shown above the arrows. AdoMet: S-adenosyl-
methionine; Met: methionine; ACC: 1-aminocyclopropane-1-carboxylic acid; MTA: 
methylthioadenine. Purple text indicates inputs that regulate the enzymes shown, either via a 
transcriptional or post-transcriptional mechanism.
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cyanoalanine synthase, preventing toxicity to plants in conditions of high ethylene 
biosynthesis.
ACC synthase: the key enzyme in the pathway
ACS belongs to a family of proteins that require pyridoxal-5’- phosphate (PLP) as 
cofactors, known as PLP-dependent enzymes. These enzymes are involved in the 
transamination, deamination, carboxylation and elimination or replacement of β and γ 
carbons in a variety of amino acids. While diverse in sequence and catalytic activities, the 
crystal structure of PLP-dependent enzymes reveals a striking conservation of structure in the 
catalytic core, indicating a common mechanism of catalysis. ACS converts AdoMet into 
ACC through a β,γ carbon elimination reaction (Li and others 2005). Sequence alignments of 
ACS and other PLP-dependent enzymes revealed that ACS is most similar to aspartate 
aminotransferases and tyrosine aminotransferases (Christen and Metzler 1985; Alexander 
and others 1994). Moreover, the crystal structure of apple ACS revealed that the overall folds 
and catalytic site of this enzyme are very similar to aspartate aminotransferases (Capitani and 
others 1999). 
In most plant species, ACS is encoded by multigene families that are differentially 
regulated by various environmental and developmental factors. In Arabidopsis, there are 
eight genes encoding active ACSes, and an additional gene encoding a catalytically inactive 
enzyme, ACS1 (Liang and others 1992; Liang and others 1995; Yamagami and others 2003). 
ACS proteins in Arabidopsis can be divided in three main groups, based on their C-terminal 
sequences (Figure 1-2): Type 1 proteins have extended C-termini containing three conserved 
Ser residues that are targets for phosphorylation by mitogen-activated protein kinase 6 
(MPK6) (Liu and Zhang 2004), as well as a conserved Ser residue that is a phosphorylation 
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Figure 1-2: Phylogeny of ACS proteins and schematic of ACS types
Top: Phylogeny of Arabidopsis and Lycopersicon esculentum (tomato) ACS proteins. 
Phylogeny constructed with the catalytic core of each ACS protein using MEGA version 3.1 
(Kumar and others 2004). Type 1 and Type 2 ACS are represented by the corresponding 
brackets, while Type 3 ACS proteins are circled in blue. Bootstrap values are listed and the 
branch lengths are proportional to the number of substitutions per hundred residues as 
represented by the scale bar.
Bottom: Cartoon representing Type 1, 2, and 3 ACS proteins. The conserved catalytic core, 
present in all ACS proteins, is represented in blue, putative CDPK and MAP kinase 
phosphorylation sites are represented as shown.
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site for calcium-dependent protein kinase (CDPK) (Tatsuki and Mori 2001; Sebastià and 
others 2004); type 2 proteins have shorter C-termini that harbor only the CDPK site; type 3 
proteins have a very short C-terminal extension that lacks both phosphorylation sites.
The active site of ACS was identified using labeled C14-AdoMet (Yip and others 1990), and 
critical amino acids in the active site were identified through random and site-directed 
mutagenesis of the ACS protein (White and others 1994; Tarun and others 1998; Tarun and 
Theologis 1998). In LE-ACS2, mutations in residues Tyr92 and Lys278 greatly reduce 
enzymatic activity, indicating a role for these amino acids in the catalytic activity (Tarun and 
others 1998). Crystallography of recombinant apple ACS revealed that the amino acids 
Tyr85, Thr121, Asn202, Asp230, Tyr233, Ser270, Lys273, Arg281 and Arg497 are in the 
active sites and in contact with the substrate AdoMet (Capitani and others 1999). 
This quaternary structure of ACS enzyme has been somewhat contentious (White and 
others 1994), but a series of recent studies have elegantly demonstrated that these enzymes 
act as homo- or heterodimeric proteins, similar to other PLP-dependent enzymes. The first 
recent line of evidence came from the deduced crystal structure of apple ACS, which 
indicated that the active site of the enzyme formed at the interface of a dimer and was 
comprised of shared residues from each monomer. Further evidence that ACS enzymes work 
as dimers came from co-expression experiments in E. coli (Tarun and Theologis 1998). 
Expression of either of two different single mutant versions of LE-ACS2 resulted in inactive 
enzymes, but enzymatic activity was partially restored when the two different mutants were 
co-expressed. This provides compelling evidence that ACS proteins can heterodimerize and 
form active enzymes. Likewise, in Arabidopsis, members of the ACS family of proteins were 
also shown to heterodimerize in E. coli using this intermolecular complementation approach, 
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and also in planta using bimolecular fluorescence complementation (Tsuchisaka and 
Theologis 2004), providing confirmation that ACS enzymes are active as dimers in vivo. The 
presence of eight functionally active ACS enzymes in Arabidopsis, and their ability to form 
active heterodimers might act to increase the versatility of ethylene responses, enhancing the 
capacity to regulate ethylene production after different developmental and environmental 
stimuli.
ACC oxidase: the ethylene-forming enzyme
ACC oxidase catalyzes the final step in ethylene biosynthesis, converting ACC into 
ethylene, CO2 and cyanide (Figure 1-1). In conditions of high ethylene production, such as 
ripening fruit, ACO is often the rate-limiting step in biosynthesis. ACO belongs to a family 
of mononuclear, non-heme iron enzymes that are characterized by a 2-histidine-1-carboxylic 
acid iron-binding motif (reviewed in: Hegg and Que 1997). Enzymes in this class are able to 
catalyze a variety of reactions such as hydroxylations, oxidative ring closure, ring expansions 
and desaturations. In the case of ACO, ACC is converted to ethylene by a modification of 
carbons C-2 and C-3 of ACC, while C-1 is converted to cyanide and the carboxyl group 
converted into carbon dioxide (Peiser and others 1984). 
The identification of the “ethylene-forming enzyme” (EFE), which is now known as 
ACC oxidase, (ACO) was initially very difficult. Because osmotic and cold shock, as well as 
treatment with detergents, inhibited the conversion of ACC to ethylene, it was then 
postulated that ACO was integral membrane protein (Apelbaum and others 1981; Mayne and 
Kende 1986), implying that the difficulties in purification of this enzyme were due to its 
subcellular localization. It is now thought that the initial difficulties in its purification were in 
fact due to procedures that would strip the preparations of Fe2+, an important cofactor for 
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ACO. Transgenic tomato plants designed to express an antisense version of pTOM13, a gene 
identified as induced during tomato fruit ripening (Smith and others 1986), displayed reduced 
ethylene production during ripening or after tissue wounding, suggesting that the protein 
encoded by pTOM13 was the ethylene-forming enzyme (Hamilton and others 1990). 
Additional evidence came from studies in yeast cells overexpressing pTOM13, where it was 
shown that the protein expressed by this clone had ethylene-forming activity (Hamilton and 
others 1991). Moreover, Xenopus cells transformed with RNA from cultured tomato cells, 
gained the ability to convert ethylene, but that ability was abolished by expression of an 
antisense pTOM13 clone (Spanu and others 1991). 
The cloning of ACO allowed for the identification of similar enzymes in other plant 
species. The subcellular localization of ACO is still a matter of debate. While these enzymes 
lack any N-terminal consensus sequences for plasma membrane localization, some reports 
using monoclonal antibodies raised against ACO have shown that ACO localizes at the cell 
wall in the pericarp of ripening tomato and climacteric apple (Rombaldi and others 1994), 
but this enzyme has been found to be cytosolic in apple (Chung and others 2002 ) and tomato 
(Reinhardt and others 1994). 
Ethylene biosynthesis is highly regulated
Almost all plant tissues have the capacity to make ethylene, although in most cases 
the amount of ethylene produced is very low. Ethylene production increases dramatically 
during a number of developmental events such as germination, leaf and flower senescence 
and abscission, and fruit ripening (Yang and Hoffman 1984; Mattoo and Suttle 1991; Abeles 
and others 1992). There is a diverse group of stimuli that can increase the level of ethylene 
biosynthesis. Application of other plant hormones, such as auxin, brassinosteroids, and 
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cytokinin can affect ethylene production (Yang and Hoffman 1984; Mattoo and Suttle 1991; 
Abeles and others 1992; Vogel and others 1998; Woeste and others 1999) and ethylene can 
affect its own biosynthesis, either increasing (autostimulation) or decreasing (autoinhibition) 
its rate of production. Light also affects the level of ethylene biosynthesis in many plant 
tissues (Goeschl and others 1967; Jiao and others 1987). Finally, a wide variety of stresses 
including wounding, pathogen attack, flooding, drought, hypoxia, temperature shifts, 
physical loads and noxious chemicals such as ozone and sulfur dioxide can induce ethylene 
production (Yang and Hoffman 1984; Abeles and others 1992; Bleecker and Kende 2000).
Regulation of ethylene biosynthesis: abiotic stress. 
One of the most studied abiotic stimuli involving stress-ethylene responses is 
wounding. The plant hormone jasmonic acid (JA) is a major regulator of wounding responses 
(Wasternack and others 2006 ), and ethylene seems to play an essential role (O'Donnel and 
others 1996). After mechanical or herbivory wounding, ethylene levels in plants increase and 
the expression of ethylene biosynthetic genes is altered. In Arabidopsis, the expression of 
multiple ACS genes increases after wounding (Tsuchisaka and Theologis 2004). The 
expression of the JA-inducible and pathogen- and wound-responsive gene PDF1.2 is also 
regulated by ethylene (Penninckx and others 1998). Intriguingly, JA has been found to be 
conjugated to ACC in Arabidopsis plants, suggesting that JA-ACC conjugates could be 
involved in the co-regulation and crosstalk between JA- and ethylene-dependent pathways in 
plants (Staswick and Tiryaki 2004). 
While the role of ethylene in developmentally regulated senescence has been 
extensively studied (Grbic and Bleecker 1995; John and others 1995), its role in the 
regulation of drought-induced leaf senescence is less well understood. Under drought stress, 
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ethylene emission increases (Apelbaum and others 1981; McKeon and others 1982). 
Inhibition of ethylene synthesis in wheat inhibits chlorophyll loss associated with drought-
induced senescence (Beltrano and others 1999). In maize, Mu-insertion mutants in the ACS 
genes ZmACS2 and ZmACS6 produce less ethylene than wild-type plants and also show 
delayed drought-induced senescence (Young and others 2004). Interestingly, ZmACS6 
mutants also show increased chlorophyll, Rubisco, soluble protein, even in leaves not 
undergoing senescence, implicating ethylene in the regulation of leaf performance 
throughout the life cycle of the leaf, and not only when under senescence-promoting 
conditions. The plant hormone abscisic acid (ABA) plays an important role in drought stress 
in plants through the regulation of stomata closure. ACC application or the use of the 
Arabidopsis ethylene overproducing mutant eto1 leads to decreased stomata closure after 
ABA application, indicating that ethylene inhibits ABA-induced stomatal closure (Tanaka 
and others 2006).
The role of ethylene in osmotic stress is not well understood. ACS activity in tomato 
cells is increased after osmotic shock (Felix and others 2000). Expression of the ethylene 
receptor ETR1 is reduced upon osmotic stress, and this change is also reflected at the protein 
level (Zhao and Schaller 2004). Transgenic tobacco plants overexpressing the ethylene 
receptor NTHK1 show increased salt sensitivity compared to wild type plants, early 
expression of the ACC oxidase gene NtACO3 but reduced the salt-inducible expression of the 
ACS gene NtACS1 (Cao and others 2006). Overexpression of the tobacco transcription factor 
ethylene-responsive factor NtERF1 leads to increased salt tolerance (Huang and others 2004). 
Ethylene may also be involved in the regulation of plant responses to low oxygen conditions, 
or hypoxia. The mRNA levels of ACS2, ACS6, ACS7 and ACS9 are up-regulated in 
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Arabidopsis plants under hypoxia. The regulation of ACS9 is inhibited by aminooxyacetic 
acid (AOA), an inhibitor of ethylene biosynthesis, and reduced in the ethylene signaling 
mutants etr1-1 and ein2-1 (Peng and others 2005). The mRNA levels of ACS2 are decreased 
after AOA treatment, and the levels ACS6 and ACS7 are not affected, suggesting that the 
regulation of ethylene emission under hypoxia is under complex control (Peng and others 
2005).
Ethylene is also involved in the responses to other abiotic stimuli. Lithium ion 
induces ACS activity in various plant species (Boller 1984), and expression of multiple ACS 
genes is altered in Arabidopsis following Li+ application (Liang and others 1996; Tsuchisaka 
and Theologis 2004). Application of high levels of ozone to plants induces a burst of 
ethylene (Mehlhorn and Wellburn 1987), promoting ozone-induced cell death (Overmyer and 
others 2003) through a mechanism that might involve the biosynthesis and accumulation of 
salicylic acid (SA) (Ogawa and others 2005) and suppression of the cell protective action of 
JA (Tuominen and others 2004). In Arabidopsis, ozone treatment elevates the steady-state 
level of the ACS6 gene (Vahala and others 1998). Suppression of ACS activity in plants 
increases tolerance to oxidative stress and diminishes the damage caused by ozone treatment 
(Nakajima and others 2002; Sinn and others 2004). 
Regulation of ethylene biosynthesis: biotic stresses  
The involvement of ethylene in response to pathogen attack has long been recognized 
(Boller 1991). An early ethylene burst is observed after plants are attacked by pathogens. The 
effect of ethylene in disease resistance is somewhat variable; results seem to vary depending 
on the pathosystem and the conditions utilized, and the fact that many pathogens are also able 
to produce ethylene makes interpretation of the results even more difficult. In general, plant-
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derived ethylene seems to be mostly associated with resistance, while pathogen-derived 
ethylene seems to contribute to pathogen virulence (van Loon and others 2006).
Microbial ethylene biosynthesis occurs through a pathway different from the one utilized by 
plants. Instead of ACC, microbial pathogens can utilize 2-keto-4-methyl-thiobutyric acid 
(KMBA), a transaminated derivative of methionine, or 2-oxoglutarate as ethylene precursors 
(Nagahama and others 1992; Fukuda and others 1993). KMBA is oxidized to ethylene 
through a non-enzymatic oxidation by oxidizing agents generated by a NADH:Fe(III)EDTA 
oxidoreductase. 2-oxoglutarate can be converted into ethylene and succinate through an L-
arginine-dependent reaction catalyzed by a single protein, the ethylene-forming enzyme 
(EFE, which is distinct from ACO in plants, which also was once referred to as EFE (Fukuda 
and others 1992).
Strains of the bacterial pathogens Pseudomonas syringae pv. glycinea and 
Pseudomonas syringae pv. phaseolicola have been shown to be able to produce ethylene in  
planta (Weingart and Volksch 1997). Pseudomonas syringae pv. glycinea that are unable to 
produce ethylene due to a mutation on the EFE gene are defective in their ability to grow in 
soybean plants. The growth of the wild-type strain and the ethylene-defective strain in 
ethylene-insensitive soybean plants was found to be similar, indicating a requirement for 
ethylene in the pathogenesis of this pathogen (Weingart and others 2001). Some 
microorganisms, such as plant-growth-promoting rhizobacteria, are also able to modulate 
ethylene responses by altering the levels of ACC produced by plants. Through this reaction, 
catalyzed by the microbial-encoded enzyme ACC deaminase, ACC is hydrolyzed to α-
ketobutyrate and ammonia, decreasing the levels of ACC that are available for ethylene 
production (reviewed in: Glick 2005). Decreased levels of ethylene alleviate ethylene-
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induced root growth inhibition during stress conditions, important for the growth of both the 
bacteria and the plant. 
The regulation of plant ethylene biosynthetic genes by pathogen infection has been 
demonstrated. For example, a gene encoding for ACS in tobacco was shown to increase after 
Tobacco mosaic virus (TMV) infection (Knoester and others 1995) and ethylene emission 
and ACS transcription is also increased after inoculation of citrus plants with the bacterial 
pathogen Xanthomonas campestris pv. citri (Dutta and Biggs 1991). While in most cases the 
regulation of ethylene biosynthetic genes by pathogens is considered to be a defense reaction 
from the plant, there is mounting evidence that pathogens can manipulate the expression of 
these genes for their own benefit. Infection of tomato plants by strains of the bacterial 
pathogen Pseudomonas syringae pv. tomato DC3000 expressing the effector proteins AvrPto 
and AvrPtoB were shown to induce host gene expression that includes upregulation of the 
genes encoding for ACC oxidase LeACO1 and LeACO2 (Cohn and Martin 2005). Strains of 
Pseudomonas syringae pv. tomato DC3000 expressing either AvrPto or AvrPtoB were 
unable to trigger necrosis and caused less disease symptoms on leaves of transgenic tomato 
plants that are deficient in ethylene production due to the expression of the ACC deaminase 
gene (Klee and others 1991), indicating that the manipulation of plant ethylene biosynthesis 
by these pathogens is likely to enhance disease symptoms, and that ethylene is required for 
the full virulence activity of these effectors (Cohn and Martin 2005). 
Ethylene is likely involved in the response to nodulation by nitrogen fixing bacteria, 
playing mostly an inhibitory role (reviewed in (Ferguson and Mathesius 2003). An increase 
in ethylene production was observed in roots of alfalfa plants inoculated with Rhizobium 
(Ligero and others 1987) and this is associated with defense responses. Application of 
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ethylene reduces the number of nodules formed in many plant species, including Lotus 
japonicus (Nukui and others 2000). The exact role of ethylene biosynthesis in nodulation is 
still unclear, but it has been demonstrated that the expression of ACC oxidase in peas is 
elevated in inner cortical cells located in front of the root phloem poles, near where nodules 
are usually formed (Heidstra and others 1997). Some nitrogen-fixing bacteria, such as 
Bradyrhizobium elkanii, are also able to produce rhizobitoxine, a structural analogue of 
AVG, which acts as an inhibitor of ACS and decreases ethylene biosynthesis (Yasuta and 
others 1999). 
Regulation of ACC synthase: transcriptional control
One mechanism that regulates the production of ethylene is the differential 
transcription of ACS genes during the course of development and in response to various 
external cues. As discussed above, various biotic and abiotic stresses can influence the 
transcription of different ACS genes. It has been proposed that the various ACS genes may be 
differentially regulated to perform specific functions as the various ACS proteins have 
different enzymatic properties (Yamagami and others 2003) and different inputs that regulate 
their protein turnover. 
Analysis of the patterns of expression of ACS genes in Arabidopsis has revealed 
diverse patterns of expression of the various family members. In Arabidopsis, ACS 
transcripts have been detected in roots, leaves, flowers, siliques, stems and etiolated seedlings 
(Yamagami and others 2003; Tsuchisaka and Theologis 2004; Wang and others 2005).The 
Arabidopsis flower is an example of tissue that displays distinct patterns of ACS gene 
expression. ACS2, 4, 5, 6, 7, and 8 are all expressed in the sepals, the filament and the style 
(Tsuchisaka and Theologis 2004; Wang and others 2005); ACS 2, 4, 5, and 8 are expressed in 
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the pedicel; ACS 2, 7, and 8 are in the anther, and ACS5 and 9 in the stigma. Finally, ACS9 
and 11 are expressed at very low levels in flowers, the former in the stigma, and the latter in 
sepal trichomes. Thus, there is a diversity in the expression patterns for the ACS gene family 
in Arabidopsis flowers, which is also observed in other tissues, and it is possible that certain 
ACS isozymes with distinct biochemical and regulatory properties are optimized for the 
different cellular environments and different levels of ethylene production that occur in these 
various floral tissues. 
A well studied case of transcriptional regulation of ACS is in tomato fruit 
development. The tomato ACS family consists of at least eight genes and these are 
differentially regulated by various biotic and abiotic factors. In tomato and other climacteric 
plants, two systems of ethylene production have been proposed. System 1 operates during 
vegetative growth, during which ethylene inhibits its own biosynthesis and system 2 occurs 
during ripening of climacteric fruit and senescence of petals in some species, in which 
ethylene biosynthesis is autocatalytic (Barry and others 2000; Giovannoni 2001; Alexander 
and Grierson 2002). This positive feedback loop for ethylene biosynthesis is proposed to 
integrate ripening of the entire fruit once it has commenced. LE-ACS6 is the only ACS gene 
detected in mature green fruit, but it is not expressed after the transition to the breaker stage 
(Figure 1-3). LE-ACS1A displays a transient peak of expression during the breaker stage, but 
its expression is not detected earlier or after the breaker stage. LE-ACS2 and LE-ACS4 are the 
primary ACS genes expressed after the breaker stage, with LE-ACS2 showing the highest 
steady-state level of RNA expression (Barry and others 2000). The LE-ACS2 and LE-ACS4 
genes are expressed in ripening fruit (Olson and others 1991; Rottmann and others 1991; Yip 
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Figure 1-3: Cartoon representation of the expression of ACS genes during tomato fruit 
ripening. 
Based on data from references (Lincoln and others 1993; Barry and others 2000). Note that 
the expression of only LE-ACS2 is elevated by ethylene. The class to which each ACS 
protein (as defined in Figure 1-2) is shown in the parentheses.
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and others 1992; Lincoln and others 1993; Barry and others 2000). Use of the ethylene-
insensitive mutant Never-ripe (Nr) revealed that expression of LE-ACS2, but not the other 
LE-ACS genes, is dependent on ethylene. It has been proposed that LE-ACS1A and LE-ACS6 
are responsible for system 1 ethylene biosynthesis in green fruit, and upon induction of 
competence for ripening LE-ACS1A expression increases and LE-ACS4 is induced (Barry and 
others 2000). System 2 ethylene biosynthesis is initiated and maintained by the ethylene-
dependent expression of LE-ACS2.
Most ACS genes are transcriptionally induced in response to auxin, and in several 
auxin-regulated ACS genes, multiple, cis-acting AuxREs (auxin response elements) have 
been identified (Abel and others 1995; Ishiki and others 2000 ). However, induction of the 
ACS genes by auxin displays a complex pattern. In the root, although almost all ACS 
transcripts increase in response to IAA treatment, the spatial pattern of induction is different. 
For instance, ACS8 expands expression into the second layer of lateral root cap cells, 
epidermis and protoxylem, while ACS11 expands into all cell types in the cell division zone 
of the root (Tsuchisaka and Theologis 2004). Thus, there is cell-type specificity for auxin 
induction of different ACS genes. Most of the ACS genes are also induced transcriptionally 
by cycloheximide, which implies the existence of a short-lived repressor protein that inhibits 
ACS transcription. Intriguing candidates for such a repressor are the Aux/IAA proteins, 
which have a very short half-life and negatively regulate auxin responses (Abel and others 
1994). Consistent with this model, the only ACS gene that is not induced by auxin, ACS1, is 
also not induced by cycloheximide (Tsuchisaka and Theologis 2004). 
As noted above, in Arabidopsis various abiotic stresses often elevate ethylene 
biosynthesis via increased transcription of distinct subsets of ACS genes. ACS6 transcript 
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levels increase in response to ozone (Vahala and others 1998; Arteca and Arteca 1999). 
ACS2, ACS6, ACS7 and ACS9 are elevated during hypoxia (Peng and others 2005), but 
anaerobic conditions result in reduced expression of the all the ACS genes in Arabidopsis 
(Tsuchisaka and Theologis 2004). The transcript levels of distinct subsets of ACS genes 
increase after wounding and in response to osmotic stress, high temperatures, drought 
conditions (Tsuchisaka and Theologis 2004; Wang and others 2005). These differences 
reflect distinct transcription responses of the ACS genes to these various inducers, and may 
serve to optimize the response of the plant in these conditions. 
Regulation of ACC synthase: control of protein turnover
ACS Protein is Rapidly Degraded by the 26S Proteasome via a C-Terminal-Dependent 
Mechanism. 
While the regulation of ACS transcription clearly plays an important role in 
controlling the production of ethylene, recent studies have established that ACS protein 
turnover also is important in regulating production of this phytohormone. Various studies are 
consistent with a model in which the C-terminal region of ACS proteins plays a crucial role 
in regulating their turnover (reviewed in: (Chae and Kieber 2005).
Early studies on ACS stability in tomato revealed that the stability of ACS activity 
varied during fruit ripening. In particular, the half-life of ACS activity in green tomato 
pericarp tissue was shorter than that in ripening pericarp tissue (30-40 minutes verses 114 
minutes) (Kende and Boller 1981). In suspension culture cells of parsley and tomato, the 
elevation of ACS activity observed in response to fungal elicitor was insensitive to inhibitors 
of RNA transcription (Chappell and others 1984; Felix and others 1991), suggesting that a 
post-transcriptional mechanism mediates this up-regulation of ACS activity. Treatment of 
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tomato suspension cells with elicitor resulted in an induction of ACS activity through a 
phosphorylation-dependent mechanism (Spanu and others 1990).
Evidence for the mechanism underlying the turnover of ACS stability has come from 
studies of the Arabidopsis ethylene overproducing (eto) mutants (Chae and Kieber 2005). 
The eto mutants produce 10- to 40-fold more ethylene in the dark as compared to wild-type 
seedlings and adopt a triple response morphology (a morphology that etiolated seedlings 
show in the presence of ethylene) in the absence of exogenous application of ethylene 
(Guzman and Ecker 1990; Kieber and others 1993). The eto2 and eto3 mutants are dominant 
mutations in the C-terminus of ACS5 and ACS9 respectively (Vogel and others 1998; Chae 
and others 2003). The half-life of WT ACS5 protein is shorter than that of the eto2 ACS5 
protein, without any alteration in specific activity of the enzyme (Woeste and others 1999; 
Chae and others 2003). Likewise, the eto3 mutation stabilizes the ACS9 protein (M. Hansen 
and J. Kieber, unpublished data). 
One component regulating the turnover of ACS5 and possibly all type 2 ACS proteins 
was identified by the cloning of the ETO1 gene. The eto1 mutation is a recessive mutation 
that elevates basal ethylene biosynthesis, especially in etiolated seedlings (Guzman and 
Ecker 1990). Cloning of ETO1 revealed that it encodes an E3 ligase component, a BTB/TPR 
protein. ETO1 binds to type 2 ACS proteins, but not to type 1 or type 3 ACS proteins (Wang 
and others 2004; Yoshida and others 2005; Yoshida and others 2006). Disruption of ETO1 
resulted in increased stability of the ACS5 protein (Chae and others 2003) and consequently 
increased ethylene biosynthesis. There are two paralogs of ETO1 in Arabidopsis, called 
EOL1 and EOL2 (ETO1-like), that also interact with type 2 ACS proteins (Wang and others 
2004). EOL genes have also been identified in tomato and in the monocot rice (Yoshida and 
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others 2006). The C-terminal 14 amino acids from LE-ACS3 are sufficient to confer 
ETO/EOL-dependent rapid degradation to a fusion protein in cultured rice cells (Yoshida and 
others 2006), which, coupled with analysis of the eto2 and eto3 mutants, indicates that this 
region is necessary and sufficient for ETO1/EOL targeting. The ETO/EOL proteins are 
postulated to act as adaptors, which bind on one end to the substrate, in this case the ACS 
proteins, and on the other end to a CUL3/E3ligase, which then catalyze the addition of 
ubiquitin moieties on the ACS substrate. The ligase then ubiquitinates the substrate, thus 
targeting the protein for degradation by the 26S proteasome. 
Further evidence of the involvement of the E3 ligase components in the regulation of 
ACS stability come from analysis of mutants in the E3 ligase pathway. The ubiquitination of 
target proteins requires an E1 activation enzyme to activate ubiquitin, an E2 conjugating 
enzyme, and finally the E3 ligase enzyme (Pintard and others 2004; Willems and others 
2004). There are two general types of E3 ligases, HECT and RING; the former can carry a 
ubiquitin, while the latter associates with an E2 conjugating enzyme. The E3 ligase that has 
been implicated in type 2 ACS protein degradation is a RING ligase known as the BC3B, or 
BTB ligase. The RING E3 ligase complex is composed of an E2 conjugating enzyme, a 
cullin component, an RBX1/ROC1/HRT1 protein (RBX1 in Arabidopsis), and an adaptor 
protein(s) that binds to a specific substrate. In BC3B ligases, the cullin is CUL3A and 3B 
specifically, and the adaptor protein is a BTB protein (Dieterle and others 2005; Figueroa and 
others 2005; Gingerich and others 2005). In the case of ETO1, the BTB domain interacts 
with CUL3, while the TPR domain interacts with ACS5, and other type 2 ACS proteins to 
bring the substrate into contact with the E2 enzyme. 
Further regulation of the E3 ligase function occurs via conjugation to a small peptide 
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similar in sequence to ubiquitin called RUB1 (Downes and Vierstra 2005). Attachment of 
RUB to an E3 ligase results in the activation of the ligase, as well as decreasing the stability 
of the cullin protein (Wu and others 2005). The rce1 mutant, which is defective in a RUB1 
conjugating enzyme, adopts a triple response in the dark as a result of elevated ethylene 
biosynthesis (Bostick and others 2004; Larsen and Cancel 2004). 
An indication that the degradation machinery for ACS protein can be regulated, rather 
than simply acting constitutively, came from studies of Arabidopsis seedlings treated with 
cytokinin. Treatment of etiolated Arabidopsis seedlings with cytokinin elevates ethylene 
biosynthesis (Cary and others 1995; Vogel and others 1998; Vogel and others 1998; Woeste 
and others 1999). It was found that, in contrast to auxin and many other inducers of ethylene 
biosynthesis, cytokinin does not elevate ACS transcript levels (Vogel and others 1998), but 
rather decreases the rapid turnover of the ACS5 protein (Vogel and others 1998; Chae and 
others 2003). An additional example is the regulation of the turnover of type 1 ACS proteins 
by a stress and pathogen regulated MAP kinase (Liu and Zhang 2004), which is discussed 
below.
The Role of Phosphorylation in Regulating ACS protein turnover. 
The stability of ACS proteins is regulated by protein phosphorylation. Treatment of 
tomato cells with protein kinase inhibitors K-252a and staurosporine lead to inhibition of 
elicitor-dependent induction of ACS and ethylene biosynthesis (Grosskopf and others 1990; 
Felix and others 1991) through a mechanism that most likely involves increased turnover of 
the ACS protein (Spanu and others 1994). In tomato cells, the ACS protein LE-ACS2 was 
shown to be phosphorylated by a CDPK from extracts of wounded tomato fruits (Tatsuki and 
Mori 2001). The target of CDPK phosphorylation was the conserved serine residue Ser-460 
23
at the C-terminal region of the protein. 
Additional evidence that CDPK phosphorylation may regulate ACS stability comes 
from in vitro phosphorylation studies, where a synthetic peptide based on the known CDPK 
phosphorylation site of LE-ACS2 was shown to be phosphorylated by maize extracts 
containing CDPK activity (Sebastià and others 2004). A novel CDPK phosphorylation motif 
was identified in the C-terminal domain of type 2 ACS proteins. 
The current model is that phosphorylation of type 1 and type 2 ACS proteins blocks 
the ability of the ETO1/EOL proteins to bind, thus inhibiting the ubiquitination of these ACS 
proteins and thus their degradation by the 26S proteasome (Figure 1-4). Support for a role of 
calcium, and by inference the CDPKs, in regulating ACS protein stability has come from 
studies in which pea seedlings were treated with Ca2+ channel inhibitors and calmodulin-
binding inhibitors. These treatments reduced the ethylene-induced expression of the ACO 
gene ACO2 and ACS2, as well as ACO activity (Petruzzelli and others 2003). Similar results 
were observed on mung bean seedlings, where the expression of Vr-ACS1 and Vr-ACO1 after 
ethylene treatment, as well as the activity of Vr-ACO1, were reduced after treatment with 
Ca2+ inhibitors (Jung and others 2000). 
Regulation of ethylene biosynthesis and ACS stability are also under control of MAP 
kinases. In tobacco, a stress-induced MAP kinase (SIPK) is involved in the response to 
different stresses, including pathogen- and ozone-induced ethylene biosynthesis. The 
expression of an activated form of NtMEK2, a tobacco kinase upstream of SIPK, lead to an 
increase in ethylene production, as well as an increase in ACS activity and ACS, ACO and 
ERF gene induction, similar to the effect obtained after pathogen inoculation (Kim and others 
2003). 
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The closest homologue of SIPK in Arabidopsis is MPK6. In order to test the role of 
MPK6 in ethylene responses in Arabidopsis, the activated form of NtMEK2 was expressed in 
wild-type and mpk6 mutant Arabidopsis plants, under the control of a DEX-inducible 
promoter (Liu and Zhang 2004). DEX application increased the amount of ethylene produced 
and ACS activity in wild-type plants, but not in mpk6 plants, indicating a requirement for 
MPK6 in NtMEK2-induced ethylene biosynthesis (Liu and Zhang 2004). The same effect 
was observed after treatment with the pathogen elicitor flg22. MPK6 was shown to 
phosphorylate ACS2 and ACS6 in vitro, and transgenic plants overexpressing a 
phosphomimic, activated mutant version of ACS6 showed increased ethylene production. 
These results indicate that a pathway similar to the SIPK pathway in tobacco operates in 
Arabidopsis, and that MPK6 phosphorylates ACS proteins, thereby decreasing their turnover 
and increasing ethylene biosynthesis after pathogen stress. 
A possible conversion on the CDPK- and MPK6-regulated pathways has been 
recently proposed (Ludwig and others 2005). Tobacco plants transiently expressing an 
activated form tobacco CDPK2 lacking the autoinhibitory and the calmodulin-like domains 
(CDPK-VK) show increased response to mild abiotic stress, as well as constitutive activation 
of some stress- and pathogen-responsive genes, and increased levels of SA, JA, and ACC 
biosynthesis, indicating a role for CDPK2 as a regulator of stress and pathogen responses in 
tobacco. Moreover, the activation of SIPK and WIPK by abiotic and biotic stresses, as 
observed by in gel kinase assays, is compromised in the CDPK-VK plants. The increased 
ethylene production of CDPK-VK plants is abolished by the ethylene biosynthesis inhibitor 
AVG but not by silver thiosulphate, an inhibitor of ethylene perception, suggesting that 
ethylene perception is not necessary for CDPK2-regulated responses (Ludwig and others 
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2005). 
The negative regulation of SIPK and WIPK by activated CDPK2 shows that both 
pathways are activated in defense response to pathogens, and they might exert regulatory 
effects on each other, allowing for the fine tuning of defense responses to plants. The 
increased ethylene phenotype but decreased SIPK activation of CDPK activated plants is 
contradictory to the increased ethylene phenotype of MPK6-activated plants described by Liu 
and Zhang (Liu and Zhang 2004). These findings highlight the complexity of 
phosphorylation-regulated signaling and ethylene biosynthesis in plants in response to 
different stresses. 
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Figure 1-4: Model for the regulation of ethylene biosynthesis in Arabidopsis. 
Type 1 ACS proteins are phosphorylated in response to stresses at three serine residues in 
the C-terminal domain of type 1 ACS proteins by a MAP kinase called MPK6. In 
Arabidopsis, MPK6 is activated by the MAPKK MKK4/5. MPK6 phosphorylation is 
sufficient to stabilize Type 1 ACS. Type 1 ACS proteins are also phosphorylated by a 
CDPK. Both phosphorylations are predicted to block the rapid degradation of the ACS 
proteins by the 26S proteasome. The ETO1 protein has been found to bind to the C-terminal 
domain of type 2 ACS proteins and thus target them for degradation by the 26S proteasome 
via polyubiqutination by a BC3B E3 ligase complex. Cytokinin prevents the rapid 
degradation of type 2 proteins by an unknown mechanism. It is unknown what targets the 
type 1 proteins for rapid degradation.
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Conclusions
The biosynthesis of ethylene occurs via a simple, well characterized biochemical 
pathway in which the two key enzymes, ACS and ACO are both encoded by multigene 
families. The production of ethylene is highly regulated, and a key point of regulation 
involves controlling the level of active ACS protein, which is summarized in the model 
shown in Figure 1-4. Numerous studies have described how various factors regulate the 
transcription of distinct subsets of ACS genes. A major question is whether the different 
properties of the various ACS isoforms, combined with the distinct expression patterns 
reflect an optimization of expression of a particular ACS for a particular cellular 
environment, and for a particular function, such as the requirement for the level of ethylene 
production needed in a given tissue. Layered onto the transcriptional control is the regulation 
of the stability of the ACS proteins. Emerging evidence suggests that the different classes of 
ACS proteins are regulated by distinct regulatory inputs. Furthermore, as the ETO1/EOL 
proteins interact specifically with the type 2 ACS proteins, it suggests that distinct proteins 
are involved in targeting the type 2 and type 1/type 3 ACS proteins for degradation, and these 
remain to be identified. It is unclear how widespread the regulation of ACS protein stability 
is in different conditions of ethylene production, and what the relative contribution of each 
level of control is in various conditions. The regulation of ethylene production has a 
surprisingly complex circuitry, which we have only begun to understand.
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Chapter 2
The Regulation of ACS Protein Stability by Cytokinin and Brassinosteroid
Maureen Hansen, Hyun Sook Chae and Joseph J. Kieber 
Preface
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BR might affect protein stability and some initial GC measurements of some of the ahk and 
type-B arr mutants, the work for Figure 2-2C, 2-2E, and 2-3B and generated the transgenic 
lines used. I completed the ahk, arr GC measurements, did all the remaining GC 
measurements, the half-life and steady-state protein work, and wrote the paper.
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Abstract
A major question in plant biology is how phytohormone pathways interact. Here, we 
explore the mechanism by which cytokinin and brassinosteroid affect ethylene biosynthesis. 
Ethylene biosynthesis is regulated in response to a wide variety of endogenous and 
exogenous signals, including the levels of other phytohormones. Two phytohormones, 
cytokinin and auxin, act by increasing ACC synthase, generally the rate-limiting step in 
ethylene biosynthesis, through distinct mechanisms: cytokinin stabilizes a subset of ACS 
proteins, while auxin induces the transcription of multiple ACS genes. The induction of 
ethylene by cytokinin requires the canonical cytokinin two-component response pathway, 
including the AHKs, AHPs and ARR1. The cytokinin-induced myc-ACS5 stabilization 
occurs rapidly (< 60 min), which is consistent with a primary output of this two-component 
signaling pathway. We examined the mechanism by which another phytohormone, 
brassinosteroid, elevates ethylene biosynthesis in etiolated seedlings. Similar to cytokinin, 
brassinosteroid acts post-transcriptionally by increasing the stability of ACS5 protein, and its 
effects on ACS5 were additive with cytokinin. Furthermore, a C-terminal deletion of ACS5 
protein was stabilized by cytokinin but not by brassinosteroid. These data suggest that ACS 
is regulated by phytohormones through distinct regulatory inputs that likely act together to 
continuously adjust ethylene biosynthesis in various tissues and in response to various 
environmental conditions.
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Introduction
Ethylene is a gaseous plant hormone involved in many growth and developmental 
processes, including germination, abscission, senescence, plant defense and fruit ripening 
(Abeles et al., 1992). Ethylene is derived from the amino acid methionine and is produced in 
three steps: the conversion of methionine to Ado-met by SAM synthetase, Ado-met to ACC 
by ACC synthase (ACS), and ACC to ethylene by ACC oxidase (ACO)(Yang and Hoffman, 
1984). The conversion of Ado-met to ACC by ACS is the first committed and generally the 
rate-limiting step in this pathway (Adams and Yang, 1979; Yang and Hoffman, 1984). The 
ACS family in Arabidopsis consists of nine proteins, of which eight have ACS activity as 
homodimers (Yamagami et al., 2003; Tsuchisaka and Theologis, 2004b). These proteins 
form homodimers and heterodimers with distinct enzyme kinetics (Tsuchisaka and 
Theologis, 2004b). While the protein sequence of the catalytic core is highly conserved, the 
C-terminal region of ACS proteins is divergent and defines three groups: Type-1 ACS 
proteins have the longest C-terminus with a single putative CDPK and three MAPK 
phosphorylation sites; type-2 ACS proteins have an intermediate length C-terminus 
containing a single putative CDPK phosphorylation site; type-3 ACS proteins have a very 
short C-terminus and no predicted kinase phosphorylation sites (Tatsuki and Mori, 2001; Liu 
and Zhang, 2004; Sebastià et al., 2004; Chae and Kieber, 2005; Yoshida et al., 2005).
The ACS genes are transcriptionally regulated both developmentally and in response 
to environmental stimuli (Yamagami et al., 2003; Tsuchisaka and Theologis, 2004a; Wang et 
al., 2005). Recent evidence suggests an important component of the regulation of ACS and 
ethylene biosynthesis occurs post-transcriptionally by stabilization of the ACS proteins 
(Tatsuki and Mori, 2001; Chae et al., 2003; Liu and Zhang, 2004; Wang et al., 2004; Chae 
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and Kieber, 2005; Argueso et al., 2007). The phosphorylation of the MAPK sites in type-1 
ACSes increases the stability of the protein and thus increases ethylene production (Liu and 
Zhang, 2004; Joo et al., 2008). Mutations in the C-terminal region of type-2 ACSes (eto2 and 
eto3 in ACS5 and ACS9 respectively) increase the stability of the protein and increase 
ethylene production in the dark (Vogel et al., 1998a; Chae et al., 2003; Joo et al., 2008). The 
type-2 ACSes are targeted to, and degraded by, the 26S proteasome, a process mediated by 
an E3 ligase (Wang et al., 2004; Yoshida et al., 2005; Yoshida et al., 2006). ETO1 is an 
adaptor BTB-TPR protein that is a component of this E3 ligase complex, and eto1 
hypomorphic mutations result in the over-production of ethylene (Guzman and Ecker, 1990; 
Pintard et al., 2004; Wang et al., 2004; Weber et al., 2004; Gingerich et al., 2005). A loss-of-
function mutation in another component of E3-mediated protein degradation, RUB 
CONJUGATING ENZYME1 (RCE1), displays a triple response and has an increase in 
ethylene production in the dark that is dependent on the ethylene perception pathway, 
indicating an additional component of the E3 ligase complex is involved in regulating 
ethylene biosynthesis (Larsen and Cancel, 2004). 
Several hormones are known to elevate ethylene biosynthesis, including auxin, 
cytokinin, and brassinosteroid (Woeste et al., 1999b). Auxin treatment results in an increase 
in the level of several ACS transcripts, while cytokinin has been shown to increase ACS5 
protein stability (Abel et al., 1995; Vogel et al., 1998b; Woeste et al., 1999b; Woeste et al., 
1999a; Chae et al., 2003; Tsuchisaka and Theologis, 2004a). The mechanism by which 
brassinosteroid elevates ethylene has not been previously analyzed.
The cytokinin signaling pathway has been elucidated, and involves five groups of 
proteins that show partial functional redundancy: Arabidopsis histidine kinases (AHK), 
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Arabidopsis histidine phosphotransfer proteins (AHP), type-B Arabidopsis response 
regulators (ARRs), type-A ARRs and cytokinin response factors (CRFs) (Kakimoto, 2003; 
To and Kieber, 2008). The three cytokinin receptor AHKs bind cytokinin and transmit the 
signal to the AHPs via phosphorylation (Reviewed in: To and Kieber, 2008). The AHPs then 
phosphorylate the type-B and type-A ARRs, which act as positive and negative elements in 
cytokinin signaling respectively. The CRFs are predicted transcription factors that are 
transcriptionally regulated and re-localized to the nucleus by cytokinin (Rashotte et al., 2003; 
Rashotte et al., 2006).
Brassinosteroid (BR) is a plant hormone implicated in germination, stem elongation, 
leaf growth, fertility and response to disease and stress (reviewed in: Fujioka and Yokota, 
2003; Belkhadir et al., 2006; Li and Jin, 2007). Exogenous brassinolide increases ethylene 
synthesis in etiolated seedlings (Woeste et al., 1999b). BR is perceived by the BRI1 receptor, 
a leucine-rich receptor-like kinase (LRR-RLK) that can dimerize with and phosphorylate 
BAK1 (Fujioka and Yokota, 2003; Belkhadir et al., 2006; Li and Jin, 2007). There are two 
other BRI1-like genes in Arabidopsis that can also act as BR receptors (Li, 2003; Cano-
Delgado et al., 2004; Zhou et al., 2004). BRI1 transmits the signal to inactivate BIN2, a 
GSK3-like kinase that is a negative regulator of the BR pathway. BIN2 phosphorylates the 
transcription factors BES1 and BZR1, which promotes their degradation, and inhibits BES1’s 
DNA-binding activity. 
Here, we investigate the mechanism by which cytokinin and BR increase ethylene 
biosynthesis. We examine the impact of cytokinin signaling mutants on ethylene 
biosynthesis, the kinetics of cytokinin-mediated ACS protein stability and decipher points of 
intersection between cytokinin, BR and ethylene biosynthesis. 
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Results
Cytokinin and BR both increase ethylene biosynthesis, but BR does not induce a full 
triple response
We examined if elevated ethylene in response to cytokinin and BR resulted in a triple 
response, the morphology that dark-grown Arabidopsis seedlings display in the presence of 
ethylene. Application of cytokinin increases ethylene biosynthesis and does induce a triple 
response (Vogel et al. 1998a and Figure 2-1). However, the increase in ethylene production 
in response to BR does not result in seedlings displaying a complete triple response 
morphology. In particular, although growth on BR does result in a shortened and thickened 
hypocotyl, the exaggerated curvature of the apical hook is absent, the length of the root and 
hypocotyl is not reduced as much as compared to ACC or BA-treated seedlings. 
Furthermore, the hypocotyl displays an irregularly spiraled growth (Figure 2-1 and data not 
shown). This suggests that in addition to elevating ethylene production, BR likely has 
additional other effects on seedling morphology and prevents a complete triple response. 
Both cytokinin and BR treatment can further shorten the hypocotyls of the ethylene 
overproducing mutant, eto1, although BR treatment suppresses the exaggerated hook of eto1. 
Additionally, growth in the presence of either hormone results in some shortening of the 
hypocotyls in the strong ethylene-insensitive mutant ein2-5, and in the case of BR, the ein2-5 
seedlings still display an irregularly spiral hypocotyl phenotype (Figure 2-1). These data 
suggest that both cytokinin and BR have effects on seedling morphology independent of 
ethylene. Measurement of ethylene levels confirmed that exogenous cytokinin and BR both 
increase ethylene production in etiolated seedlings (Figure 2-2a; Vogel et al., 1998b; Woeste 
et al., 1999b). The simultaneous addition of BA and BR further increases 
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Figure 2-1. Morphology of four-day-old etiolated seedlings.
WT, ein2-5, and eto1 seedlings were grown on MS with control carrier, 5 µM ACC, 5 µM 
BA, or 0.1 µM BR. Three representative seedlings of each genotype and treatment are 
pictured. Seedlings treated with BR were flattened to keep entire seedling in focus.
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ethylene production in wild-type seedlings, indicating that the effects of these hormones are 
synergistic.
Cytokinin perception pathway mutants show decreased cytokinin-induced ethylene 
biosynthesis
We examined if cytokinin induction of ethylene biosynthesis required the canonical 
two-component phosphorelay response pathway and whether there is specificity for this 
response within the gene families that encode the proteins involved in each step of the 
pathway. To this end, loss-of-function cytokinin-signaling mutants for each step of the 
signaling pathway were examined for ethylene production in response to cytokinin.
We first examined the cytokinin-receptor mutants ahk2,3, ahk2,4, and ahk3,4. In the 
absence of cytokinin, ahk double mutants make comparable amounts of ethylene relative to 
WT seedlings (Figure 2-2B). ahk2,4 and ahk3,4 mutants show reduced cytokinin-mediated 
induction of ethylene biosynthesis, indicating that the receptors are required for this process. 
Double mutants containing the ahk4 loss-of-function displayed reduced ethylene biosynthesis 
in response to cytokinin, indicating AHK4 is probably the primary contributor to regulating 
ethylene biosynthesis in response to cytokinin. We are unable to measure ethylene 
biosynthesis from the ahk2,3,4 triple mutant as it does not produce seed.
The AHPs function redundantly in various cytokinin responses, including hypocotyl 
elongation in the dark, which is known to be partially mediated by ethylene (Cary et al., 
1995; Hutchison et al., 2006). To test if the AHPs were involved in cytokinin up-regulation 
of ethylene biosynthesis, we examined the triple ahp2,3,5 mutant. In the absence of 
exogenous cytokinin, the ahp2,3,5 mutant produced less ethylene than the wild-type (Figure 
2-2C). This likely reflects the 
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Figure 2-2. Ethylene production by four-day-old etiolated seedings in response to BA 
and BR.
(A) Ethylene produced over four days in WT seedlings treated with carrier control, 5 µM 
BA, 0.1 µM BR or both 5 µM BA and 0.1 µM BR. 
(B) Ethylene produced by ahk receptor mutants in carrier control (black box) or 5 µM BA 
(shaded box). 
(C) Ethylene produced by ahp2,3,5 mutant in carrier control (black box) or 5 µM BA (shaded 
box). 
(D) Ethylene produced by type-B arr and crf mutants in response to carrier (black box) or 5 
µM BA (shaded box). 
(E) Ethylene produced by WT (black circles and black solid line) and the type-A multiple 
mutant arr3,4,5,6,8,9 (gray circles and dotted line) for a range of BA treatments. For [A], 
ethylene was accumulated over four days, for [B-E] ethylene accumulation from day three to 
day four. [A-E] Error bars represent standard error.
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effect of endogenous cytokinin in regulating ethylene biosynthesis in wild-type seedlings as 
this mutant displays a stronger reduced cytokinin-function phenotype as compared to any of 
the double receptor mutants (Hutchison et al., 2006). In response to cytokinin, the ahp2,3,5 
mutants displayed greatly reduced induction of ethylene, indicating that the AHPs are 
necessary for transduction of the signal for cytokinin induction of ethylene biosynthesis. 
We examined the disruption of the type-A ARRs, which are negative regulators of 
cytokinin signaling (To et al., 2004). Ethylene production from wild-type and arr3,4,5,6,8,9 
mutant seedlings were measured in response to increasing concentrations of cytokinin, 
ranging from 10 nM to 50 µM. The arr3,4,5,6,8,9 mutant seedlings produced an elevated 
level of ethylene in the absence of exogenous cytokinin, probably likely due to a heightened 
response to endogenous cytokinin (Figure 2-2E). This sextuple type-A ARR mutant also 
produced more ethylene than the wildtype in response to all levels of cytokinin tested (Figure 
2-2E), which is consistent with the hypersensitivity of this mutant in other response assays 
(To et al., 2004).
The type-B ARRs are transcription factors that belong to the subgroup previously 
shown to be involved in cytokinin signaling (Mason et al., 2004). Of the eleven type-B 
ARRs, we tested the arr 1, arr2, arr10, and arr12 single mutants as well as the quadruple 
arr 1,2,10,12 mutant for their impact on ethylene biosynthesis (Mason et al., 2005; Rashotte 
et al., 2006). Consistent with the response in other assays, the arr1,2,10,12 mutant shows a 
marked decrease in the elevation of ethylene in response to cytokinin (Figure 2-2D). Both the 
basal and the cytokinin-induced levels of ethylene biosynthesis were unaffected in all the 
singles tested, except for arr1, which was similar to the arr1,2,10,12 quadruple mutant. This 
suggests that ARR1 is the primary type-B ARR mediating this response.
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The final pathway components we tested were the CRFs, of which there are six in 
Arabidopsis. Two triple mutants crf1,2,5 and crf2,3,6 have been previously shown to alter 
cytokinin-regulated transcription (Rashotte et al., 2006). The triple mutants showed no 
changes in ethylene biosynthesis, indicating that the CRFs are not required for the ethylene 
induction by cytokinin.
BR increases the half-life of ACS5 protein 
To determine if BR increases ethylene biosynthesis via changes in ACS5 stability, we 
examined the half-life of ACS5 protein in a DEXamethasone (DEX)-inducible myc-tagged 
system (Chae et al., 2003). Seedlings were grown at a low level of DEX to induce near 
endogenous levels of ACS5 protein and were then treated with either 0.1 µM BR or a carrier 
control. Cycloheximide was then applied to inhibit de novo protein synthesis and the turnover 
of the myc-ACS5 fusion protein was examined by western blotting (Figure 3A). ACS5 
protein has a half-life of 15-30 minutes (Spanu et al., 1994; Chae et al., 2003). Similar to 
cytokinin, BR treatment causes a marked decrease in myc-ACS5 protein degradation. These 
results indicate that BR elevates ethylene biosynthesis at least in part through an increase in 
the stability of the ACS5 protein, though BR may regulate ethylene through changes in 
transcription as well. 
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Figure 2-3. myc-ACS5 protein levels are altered in response to BR and BA.
(A) Western blot analysis of protein extracts from four-day-old etiolated seedlings grown on 
either carrier control or 0.1 µM  BR and then treated with cycloheximide time indicated. The 
blots were stripped and then probed with an anti-β-tubulin antibody as a control. Pictured is 
one of five representative blots.
(B) Quantification of protein level in [A]. Open circles represent BR time points, closed 
circles represent carrier control time points. Each band in [A] was quantified, normalized to 
its relevant tubulin control and then plotted as a percentage of the time zero control.  The 
lines show the best fit using an exponential equation.  
(C) Steady-state protein level of myc-ACS5 at various times after addition of 5 µM BA or a 
carrier control
52
Kinetics of cytokinin stabilization of ACS5 protein
We have shown that cytokinin induction of ethylene biosynthesis is mediated via the 
components of the known cytokinin signaling pathway, and prior studies indicate that this 
occurs through a stabilization of ACS5 protein (Chae et al., 2003). We examined the kinetics 
of cytokinin-induced stabilization of ACS5 protein in four-day-old etiolated seedlings 
(Figure 2-3C). In the control treatment, there is a transient increase in protein at one hour, 
likely due to the increased stress of the seedling when moved to a liquid environment. 
Cytokinin-treated seedlings clearly show further elevated levels of steady-state ACS5 after 
the one-hour time point, and this elevated level persists until at least 26 hours post-cytokinin 
treatment. This time-frame is consistent with an early transcriptional response to cytokinin or 
a direct output of the signaling pathway. Examination of public microarray data suggest a 
3.65-fold induction of ACS5 in response to brassinolide (Zimmermann et al., 2004).
Cytokinin and BR stabilize multiple Type-2 ACSs
ACS proteins fall into three classes, based primarily on the presence or absence of 
regulatory phosphorylation sites in the C-terminal domain. We have shown that cytokinin 
and BR both upregulate ethylene biosynthesis, at least in part through stabilization of ACS5 
protein, a type-2 ACS. We examined if the steady-state levels of ACS9, the type-2 ACS most 
closely related to ACS5, were elevated in response to BA and brassinolide (Figure 2-4). 
Similar to ACS5, ACS9 protein levels increase in response to both BA and brassinolide, 
suggesting that the effect of cytokinin and BR is not specific for ACS5, but rather may be a 
general feature of type-2 ACSes. The effect of BA and brassinolide on protein stability was 
additive for both ACS5 and ACS9. This is consistent with measurements of ethylene 
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Figure 2-4. Steady-state level of myc-tagged ACS proteins in response to BA and/or BR. 
Four-day-old etiolated seedlings harboring a DEX-inducible promoter expressing a myc-
fusion protein of myc-ACS5, myc-ACS5eto2, myc-ACS9, myc-ACS9eto3, or an estradiol-
inducible version of a C-terminal deleted ACS5 (myc-ACS5∆) were grown on carrier control, 
5 µM BA, 0.1 µM BR, or 5 µM BA and 0.1 µM BR as indicated. 
* α-tubulin was used as a loading control, except for myc-ACS5∆, a non-specific myc band 
was used. Pictured for each experiment is a representative blot from three replicates.
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biosynthesis in which BA and cytokinin are additive (Figure 2-2a) (Woeste et al., 1999b). 
This suggests that the two hormones act through distinct targets on these ACS proteins.
The C-terminal domain of ACS5 and ACS9 is important in the regulation of the 
stability of the proteins (Chae et al., 2003; Yoshida et al., 2006). We examined if mutations 
in these C-termini affect the response to cytokinin and BR. Both ACS5eto2 and ACS9eto3 are 
still stabilized by the hormones, indicating that these C-terminal mutations do not disrupt the 
mechanism for this stabilization. It is possible that these mutations do not completely 
abrogate the C-terminal regulatory function. To test this, we examined effects of cytokinin 
and BR on steady-state protein level of a truncated version of ACS lacking the last 78 amino 
acids. The ACS5∆ protein is still stabilized by cytokinin, suggesting that cytokinin-induced 
stability is at least partially mediated by the first 392 residues. Conversely, ACS5∆ protein is 
not more stable in response to BR, indicating BR acts through a C-terminal dependent 
mechanism.
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Discussion
Ethylene biosynthesis is highly regulated by multiple exogenous and endogenous inputs. A 
primary point of regulation is the control of the level and activity of the ACS enzymes. This 
key enzyme is encoded by a multigene family that is subject to multiple layers of control 
which act in concert to precisely mediate the level of ethylene made by a cell in a given 
situation. The first layer of control is the regulation of the transcription of the various ACS 
genes. A large number of regulatory inputs, including brassinosteroid, auxin, wounding, 
anoxia and developmental signals such as ripening and floral senescence act at least in part 
by regulating the transcription of distinct subsets of ACS genes (Argueso et al., 2007). A 
second level of control relates to the diverse enzymatic properties of the large number of 
homo- and heterodimers that potentially can form in different cells from the various ACS 
isoforms (Tsuchisaka and Theologis, 2004b). This can alter the amount of ethylene produced 
from the varying levels of Ado-Met substrate that may be present at any given time in a cell. 
Here, we explored a third regulatory input into ethylene biosynthesis, the regulation of the 
stability of ACS protein in response to other hormonal cues. 
BR increases ethylene biosynthesis and does so by stabilizing ACS protein
BR treatment results in an elevation of ethylene biosynthesis (Woeste et al., 1999b), 
and this ethylene likely plays an important role in the many effects of BR on plant growth 
and developmental. This is clearly shown by the growth of etiolated seedlings in the presence 
of BR (Figure 2-1), in which there are ethylene-dependent and ethylene-independent effects. 
For example, BR has been shown to promote cell elongation in hypcotyls in the light. If 
etiolated seedlings respond similarly in the dark to BR, this is counteracted in etiolated 
seedlings by the action of the elevated ethylene; thus the elongation of the hypocotyl in the 
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presence of BR is the summation of these two counteracting forces (Fujioka and Yokota, 
2003; De Grauwe et al., 2005). In addition, BR causes a spiral growth of the hypocotyl that is 
independent of ethylene. Finally, BR promotes opening while ethylene causes an 
exaggeration in the curvature of the apical hook.
We showed that ACS5 protein was stabilized in response to BR, suggesting that, like 
cytokinin, BR increases ethylene synthesis by post-transcriptional regulation of ACS5. 
However, our results do not rule out an additional effect of BR on ACS transcription. Public 
transcriptome data indicates that both ACS5 and ACS6 transcripts are slightly elevated (~ 3-
fold) in response to brassinolide (Zimmermann et al., 2004). 
The turnover of the three classes of ACS proteins appears to be regulated through 
distinct mechanisms. For example, a pathogen-activated MAP kinase has been shown to 
phosphorylate specifically the type-1 ACSes (Liu and Zhang, 2004; Joo et al., 2008). The 
ETO1 protein is involved in the turnover specifically of the type-2 ACS proteins (Wang et 
al., 2004; Yoshida et al., 2005; Yoshida et al., 2006), and cytokinin appears to act by 
increasing the stability of type-2 ACS proteins (Chae et al., 2003). Here we show that BR 
also increases the stability of multiple type-2 ACS proteins. Genetic and molecular analyses 
have demonstrated a role for the C-terminus of both type-1 and type-2 ACS proteins in 
targeting the respective proteins for rapid degradation. A simple model is that BR and 
cytokinin act by inhibiting this C-terminal dependent targeting. However, surprisingly, both 
hormones still increase the stability of the eto2 and eto3 versions of ACS proteins. A larger 
C-terminal truncation of ACS5 eliminates the effect of BR, but cytokinin treatment still 
increases the level of this truncated protein (Figure 2-4). This suggests that while BR acts in 
a C-terminal dependent manner, cytokinin-mediated stabilization is at least partially 
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independent of the C-terminal region of ACS5. The stabilization of eto2 by BR suggests that 
perhaps this mutation does not eliminate the targeting of ACS5 to the 26S proteasome. 
Consistent with this, the eto2 and eto3 mutations reduce, but do not eliminate the interaction 
with ETO1 and eto3 mutant producing a normal BR-induced ethylene response (Christians et 
al., submitted).
Cytokinin-induced ACS stabilization probably acts through a transcriptional 
mechanism
We determined that the cytokinin signal to stabilize ACS5 goes through the canonical 
cytokinin two-component pathway. We also found that the type-B response regulator ARR1 
is necessary for the cytokinin induced ethylene response. As type-B ARRs mediate 
transcriptional responses to cytokinin, this suggests that the action of cytokinin in stabilizing 
ACS5 acts through the altered transcription of a regulatory input. As the alteration of ACS5 
protein stability occurs fairly rapidly in response to cytokinin, it is likely that this regulatory 
input is a primary target of cytokinin activated ARR1. This also suggests that ARR1 is the 
primary type-B ARR that mediates the response to cytokinin in the stabilization of ACS5. 
Furthermore, because basal ethylene biosynthesis is altered in several of the cytokinin 
signaling mutants, it suggests that endogenous cytokinin is important in regulating the level 
of ethylene biosynthesis. 
BR and cytokinin likely act through distinct mechanisms
Several lines of evidence suggest that cytokinin and BR increase type-2 ACS protein 
stability through independent mechanisms: 1) Application of the two hormones acts 
synergistically to increase ethylene production in etiolated seedlings (Woeste et al., 1999b); 
2) Consistent with the effect on ethylene production, ACS5 and ACS9 protein levels are 
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additively increased by cytokinin and BR; and 3) The C-terminal domain of ACS5 is 
necessary for the BR-mediated stabilization of ACS5, but not for the stabilization in response 
to cytokinin. Therefore, while both BR and cytokinin act by increasing ACS5 protein 
stability, they likely do so by independent mechanisms. 
A model demonstrating the above data is shown in Figure 2-5. Type-2 ACSes are 
ubiquitinated by the E3 ligase containing ETO1 and then targeted to and degraded by the 26S 
proteasome. This targeting is prevented by mutations in the C-terminus of the ACS protein 
(eto2 and eto3) and by cytokinin or brassinosteroid. Cytokinin stabilization occurs through 
the cytokinin signaling pathway: AHK dimers perceive the signal, phosphorylate AHPs, 
which in turn phosphorylate type-A ARRs and the type-B ARR1. 
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Figure 2-5. Model of regulation of type-2 ACS by BR and cytokinin.  
Cytokinin binds to the AHK receptors, which autophosphorylate and subsequently transmit 
the phosphoryl group to the AHPs. The AHPs can then phosphorylate the type-B or type-A 
ARRs.  The type-B ARR1, and perhaps other untested type-B ARRs act to prevent 
degredation of type-2 ACS, in a non-C-terminal dependent manner. The type-A ARRs 
negatively regulate ethylene biosynthesis, and also cytokinin signaling. The blocking arrow 
denotes the negative feedback on cytokinin signaling, but not at a particular point in the 
cytokinin signaling pathway. BR blocks degradation of type-2 ACS, presumably through the 
receptor BRI1. PM denotes plasma membrane, S in the ACS protein represents serine-461, a 
putative CDPK phosphorylation site
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Conclusions
ACS enzymes are encoded by a fairly large gene family, which is regulated by 
multiple, distinct transcriptional and post-transcriptional inputs. This allows exquisite control 
of ethylene biosynthesis in plants in various developmental and environmental contexts. Here 
we highlight two such regulatory inputs, cytokinin and BR. The data suggest that both 
hormones act to stabilize type-2 ACS proteins, but so through distinct mechanisms. Thus, 
even with a given isoform and a common mode of regulation, there is complexity. The 
precise nature of how cytokinin and BR stabilize ACS protein awaits further study. 
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Materials and methods
Plant materials and growth conditions 
Unless stated otherwise, all wild-type controls were Col-0. The mutants used were ahk2-7, 
ahk3-3, cre1-12 (ahk4 allele), arr1-3, arr2-2, arr10-2, arr12-1, ahp2,3,5, arr3,4,5,6,8,9, 
crf1,2,5, crf2,3,6, ein2-5, eto1-1 and various combinations thereof (Mason et al., 2005; 
Rashotte et al., 2006) (To et al., 2004);(Hutchison et al., 2006). Transgenic lines used were 
DEX-inducible myc-tagged ACS5, ACS5eto2 (Chae et al., 2003), ACS9, and ACS9eto3 and 
estradiol-induced myc-tagged ACS5∆. The coding region of ACS9 was amplified from 
cDNA of wild-type and eto3 then fused to a 6x myc cassette, and cloned into the binary GVG 
vector pTA7002 (Aoyama and Chua, 1997). Col plants were transformed with the plasmids 
by the floral dip method (Clough and Bent, 1998), and transformants were selected on MS 
medium containing hygromycin. T2 seedlings were grown on MS medium containing 10 
screen for lines that expressed the myc-tagged proteins at low levels in an inducible manner. 
Estradiol ACS5∆ line was generated from pMDC7, and myc-tag was added (Zuo et al., 2000) 
and tranformed and screened as listed above, but using estradiol instead of dexamethasone. 
Seeds were sterilized and plated on 1x MS 1% sucrose 0.4% agar media. The plates were 
incubated at 4° C for 5 days and then incubated in the light for 4-6 hours. Plates were then 
moved to a 22° C dark chamber for 4 days. All cytokinin treatments were 5 µM 
benzyladenine from a 5 mM stock in 100% DMSO, all BR treatments were 100 nM 
brassinolide from 100 µM stock in 80% ethanol; all ACC treatments were 5 µM ACC from 
25 mM stock in 100% DMSO, and all controls had appropriate carrier added to MS. Dex 
treatment for myc-ACS5 line was 15 nM alone or 8 nM with BR; ACS9 was 30 nM; 
ACS5eto2 was 10 nM; ACS9eto3 was 40 nM DEX; ACS5∆ was 100 µM estradiol.
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Gas chromatography measurements 
Seeds were sterilized using chlorine gas sterilization (100 mL bleach + 3 mL HCl in a 6 L 
closed chamber for ~4 hours), and 40-80 seeds were suspended in 0.4% top agar and then 
placed on 3 ml MS 1% sucrose agar media in 22-ml gas chromatography vials. Vials were 
cold-treated for 5 days in 4°C, then incubated in the light for 4-6 h, and then incubated at 
22°C dark for 4 days. For cytokinin mutant experiments, vials were capped at day three, 
while all others were capped when moved to 22°C. After growth at 22°C, the accumulated 
ethylene was measured by gas chromatography as described (Vogel et al., 1998a). All 
genotypes and treatments are represented by at least three vials each. 
Protein analysis
Proteins were extracted from four-day-old etiolated seedlings in a 2x volume of 6x SDS 
buffer, and ground with a mini-pestle. Extracts were incubated at 95° C for 3 min, RT for 5 
min, and then centrifuged for 3 min in a microcentrifuge (Eppendorf). Western analysis was 
performed essentially as described (Chae et al., 2003).
Half-life experiments
Seedlings were grown on 15 nM DEX or 100 nM brassinolide plus 8 nM DEX in 1x MS 1% 
sucrose 0.4% agar under standard growth conditions for etiolated seedlings listed above. 
Four-day-old etiolated seedlings were washed twice for 7 min in liquid 1x MS and then 
moved to individual tubes containing 200 µM cycloheximide in 1x MS liquid. A subset of 
seedlings were then extracted here for the time 0 control or incubated for various times 
before proteins were extracted.
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Chapter 3
E3 Ligase components affect ethylene production
Preface
This work was collaborative with two other labs. The Vierstra lab generated the eto1,  
eol1, and eol2 multiple mutant lines, while the Genschik lab generated the cul3a and cul3b 
multiple mutant lines. I completed the GC measurements, all the yeast-two-hybrid work.
Some of this data has been submitted for publication in Christians, M.J., Gingerich, 
D.J., Hansen, M., Binder, B.M., Kieber, J.J., and Vierstra, R.D. The BTB ubiquitin 
ligases ETO1, EOL1, and EOL2 act collectively to regulate ethylene biosynthesis in 
Arabidopsis by controlling type-2 ACC synthase levels.
 
70
Abstract
Recent studies have defined one aspect of ACS protein stability, the ubiqutination and 
targeting to the 26S proteasome of ACS5 by a BC3B E3 ligase. This information has lead to 
identification of putative components of the E3 ligase that regulates ACS5 protein and 
ethylene production. These components include two cullins, and three BTB proteins. This 
work assesses the possible interactions between these components and several ACS proteins. 
It appears that all of the above components play a role in ACS stability and ethylene 
production, and that the BTB proteins affect specifically type-2 ACS proteins.
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Introduction
Protein degradation is highly controlled process that has been linked to the regulation 
of many biological pathways including cell cycle regulation, hormone synthesis and 
perception. Targeting of proteins to the 26S proteasome for degradation is mediated by E3 
ligases, which attach ubiquitin (Ub) moieties to specific substrates (Vierstra and Callis, 1999; 
Hellmann and Estelle, 2002; Pintard et al., 2004; Smalle and Vierstra, 2004; Willems et al., 
2004). The grouping of E3 ligases into classes varies somewhat. The simpler classification 
divides the E3 ligases into two groups – the HECT ligases and the RING ligases. HECT 
ligases contain a HECT domain and are able to accept a Ub from an E2 Ub conjugating 
enzyme. RING E3 ligases contain a protein with a RING domain and bring a substrate into 
proximity with an E2. 
Two particular groups of RING type E3 ligases are relevant to the hormone ethylene 
and will be discussed here – the SCF complex and BC3B complex. An SCF complex consists 
of a Skp1, a Cullin (a scaffold protein), a F-box (an adaptor protein) and RBX1. In 
Arabidopsis, the SKP family is represented by 19 proteins, called ASKs, the F-box family 
has nearly 700 proteins, and there are eleven Cullins (Gagne et al., 2002; Hellmann and 
Estelle, 2002; Risseeuw et al., 2003). ASK directly binds CUL1, and the F-box binds to 
ASK. The F-box recruits the specific substrate. RBX1 binds directly to CUL1 and recruits an 
E2 enzyme to the complex (Willems et al., 2004). In ethylene signaling, the SCF E3 ligase 
regulates EIN3 protein stability. In the absence of ethylene, the transcription factors EIN3 
and EIL1 are constantly degraded by the SCFEBF1/EBF2 and are stabilized when ethylene is 
perceived (Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al., 2004; Binder et al., 
2007).
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BC3B complexes are similar to SCF complexes, but have fewer subunits and use a 
different cullin scaffold. BC3B E3 ligases have a BTB adaptor protein, either CUL3A or 
CUL3B in Arabidopsis, RBX1 and an E2 conjugating enzyme (Pintard et al., 2004; Willems 
et al., 2004). The BTB adaptor protein fulfills the requirements of both the SKP and F-box 
protein in the SCF complex. There are 76-77 BTB proteins in Arabidopsis (Dieterle et al., 
2005; Gingerich et al., 2005; Stogios et al., 2005). One of the first identified BC3B E3 
substrates was ACS5 protein. ACS5 is one of nine ACC synthase enzymes in Arabidopsis, 
and is generally the rate-limiting and first committed step in the ethylene biosynthesis 
pathway (Argueso et al., 2007). ACS proteins were first shown to be regulated post-
transcriptionally by the observation that ACS proteins had different half-lifes in ripening 
versus green tomato pericarp tissue, and that addition of transcriptional inhibitors did not 
affect elictor-induced ACS activity (Kende and Boller, 1981; Chappell et al., 1984; Felix et 
al., 1991). Additionally, the eto2 mutation in the Arabidopsis ACS5 C-terminal region 
increases protein stability, as did the eto1 mutation (Chae et al., 2003). ETO1 is a BTB 
protein that interacts with CUL3A and ACS5, the latter of which is dependent on ACS5's C-
terminus (Wang et al., 2004). ETO1 interacts with a subset of ACS proteins in tomato, the 
type-2 ACS, as well as Arabidopsis ACS5, one of five type-2 ACS proteins in Arabidopsis 
(Yoshida et al., 2005b; Yoshida et al., 2006). Because ETO1 is the adaptor protein that binds 
to ACS5 and ubiquitinates it, loss-of-function in ETO1 is probably not degrading protein as 
efficiently. There are two ETO1 homologs, EOL1 and EOL2, which may have the same 
function.
To resolve the identification of the possible combinations of ACS-E3 complexes, this 
work analyzes the various possible BTB and CUL components for ethylene production in 
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planta and interaction with ACS from Arabidopsis. We find that only type-2 ACS proteins 
interact with ETO1 and EOL1, and that ETO1, EOL2 and EOL1 all contribute to regulate 
ethylene production in planta. We also find that CUL3A and CUL3B have a complex role in 
ethylene regulation.
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Results and Discussion
ETO1 and EOL1 interact with type-2 ACS in a C-terminal dependent manner
It has been previously shown that ETO1 and EOL1 interact with ACS5 and also 
tomato type-2 ACS proteins in a yeast-two-hybrid assay and in co-immunoprecipitation 
experiments (Wang et al., 2004; Yoshida et al., 2005b; Yoshida et al., 2006). The three 
groups of ACS enzymes are divided on the basis of their C-terminal structure: type-1 ACS 
proteins have extended C-termini that harbor three MAPK sites and a single putative CDPK 
site; type-2 ACS proteins have intermediate length C-termini lacking MAPK target sites and 
a single putative CDPK site; type-3 proteins have short C-termini with no identified 
phosphorylation sites (Tatsuki and Mori, 2001; Mori et al., 2003; Liu and Zhang, 2004; 
Sebastià et al., 2004; Yoshida et al., 2005b). We further examined the interactions among 
ETO1 and EOL with representatives from all three groups of Arabidopsis ACSes and 
determined the effect of ACS C-terminal mutations on these interactions using the yeast-two-
hybrid system.
The type-1 ACS proteins ACS2 and ACS6 showed little or no interaction with either 
an ETO1 or an EOL1 bait (Figure 3-1A), consistent with previous analysis of tomato type-1 
ACS proteins (Yoshida et al., 2005). ACS7, the only type-3 ACS in Arabidopsis, also failed 
to interact with either ETO1 or EOL1. In contrast, the all three type-2 ACSes tested (ACS4, 
ACS5, and ACS9), showed a strong interaction with both ETO1 and EOL1, suggesting that 
this interaction is specific for this groups of ACS proteins.
To test the role of the C-terminus in this interaction, we examined various mutations 
in this domain, including eto2 (Vogel et al. 1998) and eto3 (Chae et al., 2003), C-terminal 
mutations in ACS5 and ACS9 respectively that confer increased protein stability, and 
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Figure 3-1. Role of ETO/EOL components on ethylene and ACS protein.
(A) ONPG assay of yeast-two hybrid showing interaction between ACS proteins and 
ETO/EOL proteins, expressed in miller units. 
(B) Ethylene produced in etiolated seedlings, from day 0 to day 4 in eto, eol1, eol2 mutants.
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ACS5∆78, a truncated form of ACS5 that eliminates the last 78 amino acids.  In our assay, 
both ACS5eto2 and ACS9eto3 interactions with ETO1 and EOL1 were strongly reduced, but not 
eliminated as compared to the cognate WT controls (Figure 3-1A). However, a C-terminal 
deletion, ACS5∆78 effectively eliminated the interaction with both ETO1 and EOL1, 
consistent with previous data that indicates that the ACS5 C-terminus is critical for this 
interaction (Wang et al., 2004). 
Finally, to test the role of ACS5 phosphorylation on its interaction ETO1 and EOL1, 
we tested mutations in which the CDPK target Ser was altered to either Ala (ACS5S461A) or to 
Asp (ACS5S461D).  Both ACS5S461A and ACS5S461D interacted similarly compared to ACS5WT 
with ETO1 and EOL1 suggesting that phosphorylation at this residue may not affect 
interaction with these proteins, and that phosphorylation at this site may not alter protein 
turnover.
ETO1, EOL1 and EOL2 additively increase ethylene synthesis
Loss-of-function mutation in ETO1 causes an increase in ethylene synthesis in 
etiolated seedlings (Guzman and Ecker, 1990; Woeste et al., 1999a). We examined the role 
of EOL1 and EOL2 in regulating ethylene biosynthesis in etiolated seedlings by measuring 
the level of ethylene produced in the single, double and the triple mutant combinations. 
While single eto1 mutants produce significantly more ethylene than WT seedlings, the eol1 
and eol2 single mutants produced comparable levels of ethylene (Figure 3-1B). This 
indicates that ETO1 has the primary role in regulating ethylene biosynthesis in etiolated 
seedling. The eto1,eol2 double mutant does make significantly more ethylene than the single 
eto1 mutant, indicating that EOL2 does function additively with ETO1. Double mutant 
combinations of eol1 with either eto1 or eol2 did not significantly alter ethylene production 
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compared to their respective parental lines. However, the triple eto1,eol1,eol2 mutant 
produces significantly more ethylene than any of the double mutant lines, indicating that 
EOL1 does contribute to the regulation of ethylene biosynthesis in etiolated seedlings. 
Interestingly, this data is consistent with one BTB protein phylogenetic study that shows the 
ETO1 and EOL2 BTB domains are highly related, in a group distinct from the EOL1 BTB 
domain, although another study clusters all three together (Dieterle et al., 2005; Gingerich et 
al., 2005).
cul3a,cul3b double mutant additively increase ethylene synthesis with eto1 and etr1
Loss-of-function mutants in CULA and CUL3B, the probable Cullin subunits in the 
BC3B ligase controlling ACS5 protein turnover, do not appreciably increase ethylene 
synthesis as either single or double mutants. Consistent with these results, single mutants do 
not show a triple response (data not shown). However, the double mutant, c3w (cul3a,cul3b), 
is reported to display a triple response (data not shown), which is inconsistent with our 
ethylene measurements. This may be due to the high likelihood that cullin mutants affect a 
number of target proteins, some of which may affect ethylene signaling. The c3w,eto1 and 
c3w,etr1 clearly show additive increases. This data is consistent with c3w reducing protein 
turnover by EOL1 and EOL2 adaptor proteins in eto1 plants. 
The c3w,etr1 and c3w,ein3 additive increases in ethylene synthesis are more difficult 
to interpret but may indicate that part of the ethylene signaling pathway may be regulated by 
CUL3A and CUL3B. This data is consistent with recent evidence showing parts of ethylene 
signaling pathway are post-transcriptionally regulated. For example, etr1-2, etr1-3, and 
etr1-4, result in higher levels of ETR1 protein, while ETR1 transcript levels are unchanged, 
indicating that the ethylene receptors may be regulated post-transcriptionally (Zhao et al., 
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Figure 2. Role of Cullin3 components on ethylene production
(A) Ethylene produced in etiolated seedlings, from day 3 to day 4 in cul mutants. 
(B) Ethylene produced in etiolated seedlings, from day 3 to day 4 in cul and ein mutants
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2002). Treatment with high levels of ethylene do not increase transcription, but decrease 
ETR2 protein levels independently of translation and dependent on the 26S proteasome, 
further evidence that an ethylene receptor may be regulated post-transcriptionally (Chen et 
al., 2007). Additionally, the EIN3 protein has been shown to be degraded by SCFEBF1/EBF2 in 
the absence of ethylene (Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al., 2004; 
Binder et al., 2007). Because ethylene insensitive mutants increase ethylene biosynthesis by 
an unknown mechanism, interpretation of this data is difficult, because the increase in 
synthesis may be due to an increase in ethylene insensitivity. The only data remotely 
amenable to interpertation is that overexpression of EBF1 protein increases ethylene 
synthesis, and that perhaps overexpression of EBF1 decreases not only EIN3 protein, but 
EIL1 (Potuschak et al., 2003; Binder et al., 2007)..
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Materials and methods
Yeast transformation
EGY48 yeast strain with pSH18-34 plasmid (Holt et al., 2005) grown overnight at 28°C in 50 
mL –U DOB media (MP biomedicals) in a 250 mL flask, shaking. Yeast culture was then 
collected in centrifuge at 1000xg for 5 minutes. Yeast pellet was washed in 10 mL water, 
then resuspended in 1.5 mL of freshly made 1XTE/LiOAc (10 mM Tris pH 7.5, 1 mM 
EDTA, 100 mM LiOAc) to make the yeast competent cells. 100µL of yeast competent cells 
were added to bait (pEG202-GW) & prey (pjG4-5-gw) (Gyuris et al., 1993) DNA (100ng of 
plasmid), 10 µL of 10mg/mL salmon sperm DNA, and 600 µL fresh PEG/LiOAc (40% PEG 
4000, 10 mM Tris pH 7.5, 1 mM EDTA, 100 mM LiOAc). This mixture was briefly vortexed 
and incubated at 30°C for 30 minutes. 70 µL DMSO was added, was inverted to mix, and 
heat shocked at 42°C for 15 minutes. Cells were chilled briefly on ice, then pelleted at 13,200 
rpm for 30 and resuspended in 100 µL of 1xTE. Transformants were selected on –HUW 
DOB media (MP biomedicals) plates, 1.6% agar. Plates were incubated at 30°C 3-4 days. 
ONPG assay
3 colonies of each genotype were selected transferred to a fresh –HUW DOB media (MP 
biomedicals) 1.6% agar plate and grown for 3-4 days. Each colony was grown overnight in 1 
mL -HUW DOB liquid media at 28°C and diluted to an OD600 of 0.2 in 3 mL inductive 
media, 2% Galactose 1% Raffinose –HUW DOB. The fresh cultures were incubated 
overnight and the cells were collected by centrifugation at 8000 rpm for 30 seconds. The 
cells were washed with 1 mL Z buffer (40mM sodium dihydrogen phosphate, 10mM 
potassium chloride, 1 mM magnesium sulfate, 60 mM dibasic sodium phosphate) and then 
resuspended in 1 mL Z buffer. Cell OD was measured in spectrophotometer at 600 nM. For 
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every colony, 3 technical replicates of the assay were performed. 100 µL of cells in Z buffer 
were added to a mixture containing 900 µL Z buffer with β-mercaptoethanol (27 µL BME 
per 10 mL Z buffer), 2 drop of .01% SDS, and 2 drops chloroform. As a control, to 3 tubes Z 
buffer containing no cells were added to the BME Z buffer, SDS, chloroform mixture. Then 
200 µL of Z buffer with ONPG (2-Nitropheynl-ß-D-galactopyranoside) substrate 
(Invitrogen) were added (4mg/ml) to each sample and inverted to mix. Samples were 
incubated at 30°C, intermittently observed for yellow color and inverting to mix. At 51 
minutes tubes were removed from incubation and 500 µL 1M Na2CO3 was added to 
neutralize mix and stop the reaction. Cell debris and chloroform were collected by brief 
centrifugation at 13,200rpm for 30 seconds. 500µL aqueous phase of each sample was 
measured in spectrophotometer at 420nM. When measuring the cell OD or ONPG OD, if 
reading was above 1, the sample was diluted and retested. The formula used to calculate 
miller units was U= ((1000)(OD420)(OD420 reciprocal of dilution))/ ((51 minutes)(.1mL)
(OD600)(OD600 reciprocal of dilution)).
GC measurements
Seeds were sterilized using chlorine gas sterilization (100 mL bleach +3 mL HCl for ~4 
hours), and 40-80 seeds were aliquoted in .4% top agar to 3 mL MS  1% sucrose media in 
22-mL gas chromotography vials.  Vials were maintained sterile using autoclaved aluminum 
foil, for 5 days in 4°C.  Vials were incubated in the light for 4-6 hours, then capped and 
incubated at 22°C dark for 4 days in eto/eol measurements, or incubated for three days in the 
dark, then capped and incubated for the 4th day in cul measurements. The vials were then 
frozen at -20°C. The accumulated ethylene was measured by gas chromatography as 
described in (Vogel et al., 1998a). All genotypes are represented by 2-3 repetitions of 3 vials 
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each. Ethylene measured in each vial was then divided by number of seedlings in the vial.
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Chapter 4
Identification of Putative Suppressors of ACS5 overexpression
Abstract
To identify possible novel interactors and suppressors of type-2 ACS stability, we 
used a genetic screen looking for suppression of a DEX-inducible myc-tagged ACS5 
transgenic line. We screened on the basis of lateral root formation, a process which is 
retarded in the ACS5 transgenic line. Four mutants that appear to have an effect on ACS5 
protein stability were isolated. In the presence of the inducer, seo (suppressor of ethylene 
overexpression) mutants have a larger shoot and root structure, have more lateral roots, and 
display less of a triple response in the dark than the parental line. seo1 was selected for 
mapping, and maps to an area on the lower arm of chromosome 5.
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Introduction
The control of ethylene biosynthesis is regulated at many different steps of the 
pathway by different mechanisms. One of several mechanisms for controlling ethylene 
output is control of ACS protein stability, the second of three enzymes that catalyzes the 
biosynthesis of ethylene (Yang and Hoffman, 1984). There are increases in ethylene 
synthesis in eto mutants, in ripening tomato tissue, in response to cytokinin and 
brassinosteroid that are attributable to increases in ACS protein stability (Kende and Boller, 
1981; Chae et al., 2003, Hansen and Kieber, submitted). The exact mechanism that causes 
ACS stability is unknown though some details have emerged.
One important aspect of ACS stability studies appears to be dependent on ACS 
sequence similarities (Liu and Zhang, 2004; Yoshida et al., 2005a; Yoshida et al., 2006). 
There are three types of ACS proteins based on the amino acid sequence of the C-terminus - 
Type-1, Type-2 and Type-3. Type-1 ACS proteins have the longest C-termini, and contain a 
CDPK phosphorylation site and three MAPK phosphorylation sites (Mori et al., 2003; Liu 
and Zhang, 2004; Yoshida et al., 2005a; Joo et al., 2008). Type-2 ACS proteins have 
intermediate length C-termini and contain a putative CDPK phosphorylation site (Sebastià et 
al., 2004; Yoshida et al., 2005a). Type-3 ACS have short C-termini and no predicted 
phosphorylation sites (Yoshida et al., 2005a). 
Turnover of ACS protein of different types appears to be regulated by distinct 
mechanisms. When ACS2 and ACS6, the type-1 ACS proteins in Arabidopsis, are 
phosphorylated on all three MAPK sites by MPK6, steady-state protein and ethylene levels 
increase, indicating that phosphorylation changes the stability of these proteins (Liu and 
Zhang, 2004; Joo et al., 2008). This model does not apply to type-2 ACS proteins, which do 
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not have any known MAPK phosphorylation sites.
However, type-2 ACS proteins appear to be regulated by a different mechanism. The 
eto (ethylene overproducer) mutations in Arabidopsis all increase ethylene biosynthesis in 
etiolated seedling by altering type-2 ACS protein stability (Chae et al., 2003; Wang et al., 
2004). The dominant mutations eto2 and eto3 are caused by a frameshift mutation in the last 
12 amino acids of ACS5 and a missense mutation V457D in the C-terminus of ACS9 
respectively (Vogel et al., 1998a; Chae et al., 2003). Both these mutations disrupt the C-
terminus, and both mutations have increased protein half-life compared to their wild-type 
counterparts (Chae et al., 2003). eto1, a recessive mutation in the ETO1 gene, increases the 
protein stability of ACS5 (Chae et al., 2003). ETO1 is a BTB-TPR protein that acts as an 
adaptor for an E3 ligase, and has two homologs, EOL1 and EOL2 (eto1-like) (Wang et al., 
2004). These proteins interact with either CUL3A or CUL3B and RBX1 to form an E3 
ligase, which ubiquitinates and targets proteins for degradation by the 26S proteasome 
(Weber et al., 2004; Dieterle et al., 2005; Figueroa et al., 2005; Gingerich et al., 2005). 
Additionally, it appears that RUB conjugation is necessary for this process, because 
rub1rub2, rce1, and ecr1-1 mutations in Arabidopsis all produce a triple response in the 
absence of ethylene, and CUL3A and CUL3B have been shown to be rubisylated (Bostick et 
al., 2004; Larsen and Cancel, 2004; Woodward et al., 2007).  This mechanism appears to be 
specific to type-2 ACS proteins - ETO1 and EOL1 only interact with tomato and Arabidopsis 
type-2 ACS proteins, and do so in a C-terminal dependent manner (Yoshida et al., 2005a; 
Yoshida et al., 2006). This data indicate that the C-terminus is required for E3 binding and 
protein turnover, but does not present a definite mechanism to stabilize the protein. What 
regulates the turnover?
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The final consideration of ACS protein stability may apply to both type-1 and type-2 
ACSes and involves the putative CDPK site and its possible role in ACS protein stability. 
ACS type-2 peptides were shown to by phosphorylated by a maize CDPK, and Le-ACS2, a 
tomato type-1 ACS, has been shown to be phosphorylated in vitro by a CDPK at Ser-460 
(Mori et al., 2003; Sebastià et al., 2004). It is possible that this modification may increase 
protein stability, because tomato cells treated with kinase inhibitors show increased ACS 
turnover while phophatase inhibitor decreased ACS activity (Spanu et al., 1994; Tuomainen 
et al., 1997). Binding to E3 components may be dependent on the phosphorylation state at 
this putative CDPK site. Further study is needed to determine if these ACS proteins are 
phosphorylated at that site in Arabidopsis in vivo, by which CDPK, and whether that 
modification increases ACS half-life.
In this study, we used a DEX-inducible myc-tagged ACS transgenic line to screen for 
decreased ACS5 protein stability to identify components of type-2 ACS stability. We 
identified four mutants that appear to affect ACS5 protein stability. Compared to parental 
controls, the mutants display a lengthened root and larger shoot in the light and a decreased 
triple response in the dark in the presence of inducer. The decrease in protein stability and 
ethylene occurs in both the light and dark. Additionally, some mutants seem to respond 
normally to cytokinin and brassinosteroid, two hormones that stabilize ACS5 protein. We 
also isolated a number of mutants that display a phenotype consistent with reduced ethylene 
that do not produce less ACS protein or less ethylene.
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Results
Isolation of suppressors of ACS5 overexpressor mutants
To find suppressors of ACS5 overexpression, we used a DEX-inducible myc-tagged 
ACS5 transgenic line that has a ctr-like phenotype when grown in the presence of inducer 
(DEX). The phenotype, pictured in Figure 4-1A, consists of a small shoot structure, with 
small rounded leaves, and a small root structure, with a short primary root and fewer lateral 
roots. The root phenotype was the most uniform, so we screened for increase in lateral root 
production and increased root length. To test the efficacy of the EMS mutagenesis, we 
looked for ethylene insensitive mutations and found ~ 0.2% ein phenotypes, consistent with 
an effective mutagenesis. Primary screening identified 335 candidate mutants out of 100,000 
M2 screened.
Secondary screening was necessary to eliminate ethylene perception mutants and 
mutants that affected ACS5 RNA levels. To identify ethylene signaling mutants from the 
population, we grew all putative mutants in the presence of 250 nM ACC in the light and the 
dark, and eliminated any that showed insensitivity to ACC. We then tested ACS5 RNA levels 
using quantitative real time PCR, requiring the mutants to display a RNA level within two-
fold of the parental control (Figure 4-1C). Total ACS5 RNA, not myc-ACS5 RNA was tested, 
however, due to the fact that ACS5 transcript levels are extremely low, and that the induction 
by DEX produces huge changes in transcript levels as shown by the comparison between 
uninduced and induced parental lines, the relatively small amount of endogenous transcript 
can be safely ignored. After this screening, only fourteen mutants remained – almost two-
thirds of the lines tested showed RNA silencing. Of the fourteen mutants tested, only four 
showed reduced steady-state protein levels compared to the parental control (Figure
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Figure 4-1 
Characterization of seo mutants
(A) Morphology of ten-day-old seo mutants grown on 75 nM DEX.
(B) Steady-state protein expression in seven-day-old seo mutants grown on 75 nM DEX.
(C) Fold-induction of ACS5 transcripts in seo mutants over dx5 uninduced transcript levels.
(D) Root elongation from day four to day eleven grown on 75 nM or 1 µM DEX. seo1, seo3 
suppresses dx5 phenotype.
(E) Ethylene production from day three to four in light grown seo mutants.
(F) Root elongation from day four to day ten of seo1 x dx5 parental F1 grown on 75 nM 
DEX. F1 seo1 cross suppresses dx5 phenotype, indicating a dominant mutation. Penetrance 
is 75-80 %, seven out of 29 F1 did not suppress.
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4-1B). These mutants were then sequenced using myc-ACS5 primer to determine if mutation 
had occurred within the transgene. No alterations in sequence of the transgene were found in 
the final four mutants. Only the results of these four mutants that may affect ACS5 protein 
stability (seoA: seo1-seo4) and two other mutants (seoB: seo5, seo6) will be shown and 
discussed here. seoA and seoB indicate classes based on phenotype, not genetic location or 
allelism.
Characterization of seo mutants
seo mutants produce less ethylene, non-seo mutant ethylene production varies
  The four mutants selected (seo1-seo4) showed an increase in root length compared to 
parental controls, relatively similar levels of ACS5 transcript to parental controls, and less 
protein than the parental control. These four mutants were then assessed for ethylene 
production under similar conditions. All four selected seo mutants produced less ethylene in 
the light, while the two other mutants showed ethylene levels higher than that of the parental 
line (Figure 4-1E). Reduced levels of ethylene in the seoA mutants are consistent with 
reduced ACS protein.  Some seoB mutants tested show an increase in ethylene are consistent 
with their protein level, but inconsistent with the suppressor phenotype.
seo mutants decrease stability and ethylene production in the dark although they produce 
normal responses to cytokinin and brassinosteroid
In the light, our stability mutants showed decreased sensitivity to DEX in root 
elongation assays, normal amounts of ACS5 transcript, and decrease steady-state protein and 
ethylene production. However, light increases ACS5 protein stability (Hyun-sook Chae, 
unpublished observations), and phenotype of the mutants may be dependent on light 
conditions. We examined production of the triple response, protein level and ethylene 
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Figure 4-2 Response of seo mutants in the dark 
Bars in all pictures represent 1 mm. seo1, seo4 ,seo5 from left to right, four-day-old etiolated 
seedlings were grown on 0, 25, 50, 75, 100, 500, 1000 nM DEX. seo2 was grown on 1, 25, 
50, 75, 100, 500 nM DEX. dx5 was grown on 0, 25, 50, 75, 100, 500, 1000, 5000 nM DEX.
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production of the mutants in the dark, and in response to the hormones cytokinin and 
brassinosteroid (BR). 
The first test was to determine if the triple response is affected in the seo mutants in 
the dark. Because sensitivity may vary in the mutants, a range of inducer was used to 
examine the phenotype compared to the parental control. As shown in Figure 4-2, all the 
stability mutants show a reduced triple response compared to the parental control at any 
given level of inducer. Although a triple response can be induced, it is at significantly higher 
levels of DEX than the parental counterpart. In fact, seo2 and seo4 show very severe lack of 
triple response at comparatively high inducer levels.
As shown in Figure 4-3A, ACS5 protein levels in the seo mutants are reduced in the 
dark – so much so that substantial increases of the inducer are necessary to detect any protein 
in the mutants, especially seo2. This result indicates that dark conditions do not disrupt the 
mechanism by which these suppressors function.
Both cytokinin and BR increase ACS5 protein stability and ethylene production in 
etiolated seedlings (Woeste et al., 1999b; Chae et al., 2003, Hansen et al, submitted). Here 
we examine whether the response to either of these hormones is altered in the seo mutants. 
As shown in Figure 4-3, seo1, seo3, and seo5 mutants produce greater ACS5 steady-state 
protein and ethylene in response to cytokinin and BR. seo2 and seo6 produce levels too low 
or too high to determine responsiveness to these hormones.
seo1 is dominant and allelism is unclear
seo1 has been crossed to the parental line and shown to be dominant, but 
incompletely penetrant (Figure 4-1F). Initial data suggests that the other mutants appear to be 
97
Figure 4-3 Protein response of seo mutants to BA and BR
Four-day-old etiolated seedlings were grown on carrier control, 5 µM BA or 0.1 µM BR as 
indicated. Extracts of steady-state levels of myc-ACS5 protein are shown above.
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dominant or semi-dominant. The allelic analysis has been severely compromised and has not 
been determined and may only be shown by mapping of the loci.
Mapping seo1, a dominant and incompletely penetrant mutation
Mapping preparation
seo1 is a WS background, requiring production of a new genetic map between WS 
and Ler backgrounds (Figure 4-4). In addition to a new map, the location of the GVG-
transgene insert was necessary. Multiple TAIL PCR methods and attempts were 
unsuccessful, requiring mapping of the GVG prior to mapping of the suppressor location of 
seo1. The location of the transgene was narrowed to a region on the upper arm of 
chromosome 4, near markers Nga8 and T26M18. 
Mapping seo1 suppressor
No phenotype has been observed in seo1 in the absence of the inducer and 
heterozygosity of the transgene affects the phenotype in response to DEX. In order to 
effectively map the suppressor it is essential that the transgene is homozygous. Because the 
initial cross to Ler did not have the transgene backcrossed in, our first F2 population was 
segregating for both the transgene and the suppressor. Also, seo1 is a dominant, incompletely 
penetrant mutant.  The effective population in the F2 was less than 1/16th of the original 
population, but the entire population need to be screened for transgene homozygosity and 
then screened in the F3 for phenotype. At this point, I have only three plants that are 
homozygous for the transgene and the F3 displays the parental phenotype. These three plants 
have mapped to a position on chromosome 5, next to marker Nga129 (Figure 4-4). I need 
more F2 plants to verify this position, and then I will use my large F2 population to find a 
plant that is homozygous for the transgene and heterozygous for the bottom arm of 
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Figure 4-4. Lansburg Erecta x Wassileskija-0 Marker Map and transgene and seo1 
mutant map locations
Chromosome number is represented in roman numerals above each chromosome. Black 
circle represent centromeres, with their location enumerated in megabases.  Black bars 
represent five megabases. SSLP markers are listed in black, next to their chromosomal 
location in megabases. SSLP markers that preferentially amplify one genotype are listed in 
gray. Bulk segregant mapping of the GVG transgene is indicated in maroon, the seo1 
suppressor is in purple.
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chromosome 5. This plant will be used to create a new, larger, and more uniform population 
for fine mapping.
Discussion
While this screen has progressed and can reveal some insights into ACS protein 
stability, at this time the preliminary data is incomplete but promising. When allelism and 
dominance have been determined, and the mapping of seo1 is complete, we will have a more 
complete picture of the value of this screen.
seoA mutants are most likely due to increased action of protein that decrease ACS5 
protein stability
The four seoA mutants appear to be dominant or semi-dominant. This is consistent 
with either a protein that acts to decrease ACS5 protein stability being overactive, or with a 
protein that acts within a stabilizing complex that prevents the function of the complex. Of 
our current knowledge of the ACS protein regulation, the only obvious possibilities are 
mutation in the adaptor proteins of the E3 ligase – ETO1, EOL1, EOL2. If one of the 
adaptors was more efficient, longer-lived, or more highly expressed, this may explain the 
decrease in protein stability. It is unlikely to be one of the other subunits in the E3 complex 
because the CUL, RBX and RUB proteins would show more pleiotropic effects. CUL3A and 
CUL3B may interact with 70-80 other BTB proteins in Arabidopsis and are considered 
functionally redundant, so single mutants show very little phenotype, the double mutant 
could not be isolated by three different groups initially(Figueroa et al., 2005; Gingerich et al., 
2005; Thomann et al., 2005). RBX1 and RUB are predicted to be involved in multiple CUL 
based-pathways, including SCF complexes and would affect a number of pathways (Smalle 
and Vierstra, 2004; Willems et al., 2004). Changes in Rbx1 result in multiple growth defects, 
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and changes in auxin response (Gagne et al., 2004). Mutations that reduce RUB or its 
conjugation are similarly defective in growth, auxin and ethylene responses (Bostick et al., 
2004; Larsen and Cancel, 2004; Woodward et al., 2007).
The lack of recessive mutations found may be due to multiple causes. The first 
consideration is that there may be functional redundancy that makes any single loss-of-
function unlikely to be identified. Also, the nature of the screen, in which we discarded weak 
phenotypes would select against recessive mutations if they presented weaker phenotypes. 
Another possibility is that recessive mutations are lethal.
seo1 will be cloned by physical mapping. Its current approximate map location on 
chromosome 5 near Nga129 indicates that it cannot be ETO1, EOL1 and although EOL2 is a 
possibility, seo1 shows no linkage to the PHYC marker, which is much closer to EOL2 than 
Nga129. If this map position is confirmed, this suggests that this may be a novel element in 
regulating ACS5 protein stability.
seoB class mutants may be ethylene insensitive, involved in auxin or general root 
development genes
Of fourteen mutants that were selected for ACC sensitivity, and having normal ACS5 
RNA levels, only four decreased ACS5 stability and ethylene. The remaining mutants had 
either equal or higher ethylene levels despite the phenotype being consistent with less 
ethylene production.
These mutants may result from weak ethylene insensitivity not identified in initial 
screening, auxin mutants, or downstream root development mutants. The testing for ACC 
insensitivity focused on root length response in the light and hypocotyl length response in the 
dark to 250 nM ACC. Lower doses of ACC could reveal if these mutants are weakly 
102
insensitive to ethylene. Additionally, because root elongation was not tested in the dark, nor 
hypocotyl response in the light, these mutants may be tissue specific. This would explain the 
elevated ethylene levels observed in these mutants, because ethylene insensitive mutants 
produce more ethylene than wild-type plants. 
A second possibility is that the class B mutants are altered in auxin. The wei mutants 
are mutants in auxin signaling and biosynthesis. It is doubtful that this screening process 
would have identified wei mutants. These mutants specifically affect the shortened root 
phenotype in the dark, and the identification of these mutants by other groups demonstrate 
that insensitivity can be tissue specific (Lehman et al., 1996; Alonso, 2003; Stepanova et al., 
2005). Other auxin mutants show insensitivity to ethylene in root responses (Roman et al., 
1995; Alonso, 2003; Stepanova et al., 2005; Stepanova et al., 2007; Stepanova et al., 2008; 
Woodward and Bartel, 2005; De Smet et al., 2006). The current model is that ethylene causes 
root response changes by auxin induction and/or requires some minimum amount of auxin 
for ethylene sensitivity (Stepanova and Alonso, 2005; Stepanova et al., 2005; Stepanova et 
al., 2007). If auxin synthesis is impaired, it may affect ethylene sensitivity in the root, 
partially explaining the class B phenotype. However, auxin can regulate root growth 
independently from ethylene. The class B seo mutants could be altering root growth solely 
through auxin.
Another possibility is that these mutants are downstream components that directly 
affect root growth. ACS5 levels and ethylene in such mutants may have little or no effect on 
the phenotype.
Class A seo mutants still show increased ACS5 stability when induced with cytokinin or 
brassinosteroid
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  The other major finding in this screen is that the mutants isolated do not seem to affect 
cytokinin or brassinosteroid induced ACS protein stabilization. Cytokinin and brassinosteroid 
have been shown to increase ethylene production and both stabilize ACS5 protein (Woeste et 
al., 1999b; Chae et al., 2003). Steady-state levels of ACS5 protein increase in response to 
cytokinin and brassinosteroid in all mutants tested. Because some of the mutants show very 
low levels of protein in etiolated seedlings, determining fold-induction compared to the 
parental line is difficult. The stability results will be complemented by the ethylene 
measurement data, to determine changes in response to cytokinin and brassinosteroid. 
Cloning of the genes corresponding to the class A seo mutants should help elucidate new 
regulatory inputs into the regulation of protein stability.
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Materials and methods
Mutant screen
The transgenic line dx5 was mutagenized using 0.7 g of seed, washed for 15 minutes in 0.1% 
Tween-15, washed for 15 minutes in 15 mL water, and then 0.25% EMS was added and 
incubated overnight. Seeds were grown out on soil in 10 pools. M2 was collected and 
sterilized, then grown on 75 nM DEX plates for roughly 2 weeks. Seedlings with long roots 
or many lateral roots were selected for analysis.
Plant materials and growth conditions 
Unless stated otherwise, all wild-type controls were WS-0. The transgenic parental line used 
was DEX-inducible myc-tagged ACS5(Chae et al., 2003). Seeds were sterilized and plated 
on 1x MS 1% sucrose 0.4% agar media. The plates were incubated at 4° C for 5 days and 
then incubated in the light for 4-6 hours. Plates were then moved to a 22° C dark chamber for 
4 days or a constant light chamber for seven days. All cytokinin treatments were 5 µM 
benzyladenine from a 5 mM stock in 100% DMSO, all BR treatments were 100 nM 
brassinolide from 100 µM stock in 80% ethanol; all ACC treatments were 0.5 µM ACC in 
DMSO, and all controls had appropriate carrier added to MS. Unless otherwise stated, DEX 
treatment was 75 nM.
GC measurements 
Seeds were sterilized using chlorine gas sterilization (100 mL bleach + 3 mL HCl in a 6 L 
closed chamber for ~4 hours), and 40-80 seeds were suspended in 0.4% top agar and then 
placed on 3 ml MS 1% sucrose agar media in 22-ml gas chromatography vials. For etiolated 
seedling measurements, vials were cold-treated for 5 days in 4°C, then incubated in the light 
for 4-6 h, capped and then incubated at 22°C dark for 4 days. For light treatments, vials were 
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incubated constant light, capped at day three and removed on day four. The accumulated 
ethylene was measured by gas chromatography as described (Vogel et al., 1998a). All 
genotypes and treatments are represented by at least three vials each. 
Protein analysis
Proteins were extracted from four-day-old etiolated seedlings in a 2x volume of 6x SDS 
buffer, and ground with a mini-pestle. Proteins were extracted from seven-day-old constant 
light grown seedlings in 4x volume of 6xSDS buffer. Extracts were incubated at 95° C for 3 
min, RT for 5 min, and then centrifuged for 3 min in a microcentrifuge (Eppendorf). Western 
analysis was performed essentially as described (Chae et al., 2003).
Real-time PCR
RNA was extracted using Qiagen RNEasy kit, and CDNA made using Gibco Superscript II 
kit. Real-time primer were designed for the C-terminal region of ACS5.The primers were not 
specific to the myc-tagged transgenic line. Tubulin 4 primers were used as a control. 
Normalization was done using ∆∆CT method.
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Chapter 5
Discussion and Future Directions
Ethylene biosynthesis interactions with other hormones
Although it has long been known that hormones interact with one another, the 
investigation of specific crosstalk between hormone networks has just begun. Ethylene levels 
can be increased by the phytohomones auxin, cytokinin, brassinosteroid (Woeste et al., 
1999b). Auxin has been shown to increase ethylene synthesis and does so by increasing all 
ACS transcripts except ACS1 and ACS9 (Abel et al., 1995; Tsuchisaka and Theologis, 2004; 
Zimmermann et al., 2004; Wang et al., 2005). Additionally, root growth inhibition by 
ethylene appears to require some minimum level of auxin, and ethylene induces changes in 
auxin in root tissues (Guzman and Ecker, 1990; Roman et al., 1995; Lehman et al., 1996; 
Swarup et al., 2002; Alonso, 2003; Stepanova et al., 2005; Stepanova et al., 2007; Stepanova 
et al., 2008). While I have done little work thus far regarding auxin interactions with 
ethylene, it is entirely possible some mutants isolated in my genetic screen are mediated by 
auxin through ethylene or directly by auxin because the screen is based on root elongation 
and formation of lateral roots, two phenotypes affected by auxin (Woodward and Bartel, 
2005; De Smet et al., 2006). For this reason, it would beneficial to test all fourteen mutants 
isolated in auxin response assays.
Cytokinin induces a triple response in etiolated seedlings and produces increased 
ethylene synthesis, and this response can be reduced by loss-of-function mutation in ACS5 
(Vogel et al., 1998b; Vogel et al., 1998a; Woeste et al., 1999b). Unlike auxin, cytokinin has 
been shown to alter ethylene synthesis by the post-translational mechanism of increasing 
ACS5 half-life (Woeste et al., 1999a; Chae et al., 2003). Because interaction with the C-
terminal region of ACS5 is necessary for E3 ligase binding and mutations in the C-terminal 
region of ACS5 and 9 show increased stability and ethylene production, it was assumed that 
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cytokinin-induced stability of  ACS5 and 9 would be dependent on this region as well (Chae 
et al., 2003; Wang et al., 2004; Yoshida et al., 2006). My work shows that cytokinin-induced 
stability is not dependent on the C-terminus because eto2, eto3, and ACS5∆76 still increase 
steady-state levels in response to cytokinin. Additionally, I show that cytokinin-induced 
ACS5 stability occurs through the canonical cytokinin signaling pathway, requiring AHKs, 
AHPS, and ARR1 for increases in ethylene synthesis to occur. I also showed that all mutants 
isolated in my screen still respond to cytokinin. Further study in this area would include 
testing the remaining type-B ARR mutants, since not all ethylene synthesis is abolished by 
arr1, testing the OX:ARR1 lines to verify this result, and using the arr1 lines to determine 
what target genes ARR1 may activate whose products in turn stabilize ACS proteins. 
Additionally, determining the necessary region for cytokinin based stabilization would be an 
important step in elucidating the mechanism of action of cytokinin on ACS5.
There has been little work on brassinosteroid in relation to ethylene synthesis. One 
study noted the increase in ethylene synthesis in response to BR (Woeste et al., 1999b). I 
have shown that BR acts, at least in part, by stabilizing ACS5 protein. I have shown that this 
is dependent on the last 76 amino acids of ACS5, which together with their additive effect on 
ACS5 protein levels suggests that cytokinin and BR work by distinct mechanisms. I would 
have liked to test ethylene responses to BR in BR receptor mutants, as well as other 
brassinosteroid signaling mutants. It would be useful to determine the exact region of ACS5 
necessary for BR-based stabilization and determine if either cytokinin and BR act on all 
type-2 ACS, and if they can stabilize type-1 or type-3 ACS.
Another interesting area to study is the interactions between other plant hormones, 
ethylene biosynthesis and light. It would be interesting to determine if the ethylene response 
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is the same in the light to these hormones. Almost all ethylene studies have been done with 
etiolated seedlings and light can stabilize ACS5 protein.  It is possible that some of these 
hormones may function only under certain light conditions.
Stability of different ACS types are differentially regulated
Although much preliminary work has been done on the components of the ACS E3 
ligase, there were still some questions to be answered. I have shown that both ETO1 and 
EOL1 specifically interact with type-2 ACS in a yeast-two-hybrid assay, and that ethylene 
synthesis is regulated by ETO1, EOL1 and EOL2. I have also shown that ETO1 acts 
additively with CUL3A and CUL3B by analyzing these mutants effects on ethylene 
synthesis. The addition of this data to the known ethylene responses of RUB related mutants, 
production of triple response in rce1, ecr1, and rub1rub2, confirm a BC3B complex 
consisting of ETO1/EOL1/EOL2 with either CUL3A or CUL3B and that CUL3 can be 
rubisylated . It would be interesting to examine the effect of the different eto and eol mutants 
in the light, in different tissues and to different environmental conditions. This is especially 
interesting as the eto1 mutation has only a modest effect in light-grown seedlings.
Perhaps more interesting work would be discovering the E3 ligase that regulates 
type-1 ACS, if such a complex exists. Because type-1 ACS proteins are rapidly turned over, 
and because they are known to be phosphorylated and stabilized, these proteins are prime 
candidates for E3 ligase degradation (Liu and Zhang, 2004; Joo et al., 2008).
Identification of possible new ACS stability factors and/or root specific mutants
The identification of possible novel interactors and regulators of ACS stability in my 
mutant screen is the most exciting aspect of my work. However, it is also the most 
incomplete. Until the mapping has been finished, I won't know whether it has offered up any 
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truly new information. Assuming that they do represent multiple, novel elements of the 
pathway, I would finish mapping and cloning seo1 and seo2 mutants. I would naturally do 
complementation of the mutant with the WT gene and order T-DNA inserts of whatever 
these mutants map to. I would also like to cross these mutants into a number of other ACS 
lines to determine if the eto mutations are destabilized by these supressors, and determine if 
there is specificity of the suppressors for type-2 ACS proteins. I would also do further 
characterizations of these mutants to look for less obvious phenotypes especially without 
elevated ethylene levels.
The seoB mutants are more difficult to assess. I feel that some further investigation is 
warranted, but would not know how to determine which mutants were truly worthwhile. Any 
auxin assays would presumably show altered auxin production because the root length can be 
directly controlled by auxin.
My work has expanded the knowledge of how plants regulate ACS stability and 
ethylene biosynthesis. I have demonstrated that brassinosteroid increases ethylene 
biosynthesis at least partially through protein stabilization, and have identified potential new 
components in ACS5 protein regulation.
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